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Abstract 
Thin fi lms of fluorocarbon-based polymers can be deposited by 
plasma assisted polymerisation of various perfluorocarbons. The 
chemical natures of plasma polymers of hexafluoropropene and 
perfluorohexane were examined as a function of power, f l ow rate and 
pos i t ion i n reactor. Polymerised hexafluoropropene displayed 
increased f luor ine contents at high powers; this is at odds w i t h 
perf luorohexane w h i c h demonstrated lower f luo r ine contents. 
D i f f e r i n g reaction mechanisms between saturated and unsaturated 
perfluorocarbons were proposed to explain this. Both perfluorocarbons 
were found to give increased CF2 contents out of the plasma glow 
region. This was demonstrated to be a function of distance f rom the 
monomer inlet, and was ascribed to the production of long l ived 
polymer forming species in the gas phase. 
Plasma oxidation of low density polyethylene, polystyrene and 
poly (ether ether ketone) wi th oxygen and carbon dioxide was modelled 
by corresponding photooxidation reactions. Correlations between the 
structure of the polymer, the treatment used, and the f inal products 
were drawn. Al iphat ic components tended to give carbon-oxygen 
single bonds, phenyl rings were oxidised to carbonyl and acid groups, 
and carbonyl groups to acids. 
Metal-containing polymeric th in f i lms were produced f rom 
plasmas of zinc acetylacetonate and aluminium tri-s^c -butoxide. The 
products f r o m each monomer were different, w i th the zinc compound 
resulting i n a high proportion of zinc carboxylate and the aluminium 
compound g iv ing the oxide or hydroxide. Incorporation of these 
compounds into a perfluorohexane plasma resulted in the formation 
of metal f luoride containing thin fi lms. 
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Chapter 1 
An Introduction to Glow Discharges 
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1.1 Scope of Thesis 
The work described i n this thesis covers the use of plasmas for 
the production of th in f i lms. A n introduction to the f i e ld of cold 
plasma chemistry and th in f i l m analysis is given in this chapter. 
Chapters two and three are concerned w i t h f i l m deposition f rom 
perf luorocarbon plasmas, and the effect of d i f f e r i n g monomer 
functionalities (double bonds, cyclic structures) and reaction conditions 
are investigated. 
Chapter four compares and contrasts the plasma oxidation of 
polymers w i t h corresponding photooxidation reactions. In particular, 
the role of vacuum ultraviolet radiation (below 200 nm) on the 
oxidation of three structurally different polymers, using a variety of 
gases, is studied. 
I n chapter f ive the deposition characteristics of some metallic 
compounds receives attention. Little work has previously been carried 
out using induct ively coupled reactors, and i t is shown here that 
polymeric f i lms w i t h a substantial metal content can be formed. The 
last chapter describes the plasma co-deposition of a perfluorocarbon 
w i t h metallic compounds, the resulting f i lms are shown to contain a 
high proportion of metal fluoride. 
1.2 Plasmas 
1.2.1 Introduction 
Plasmas are often referred to as the "fourth state of matter". They 
occur i n nature and the laboratory in varying forms which can be 
A. G. Shard Plasma Assisted Thin Film Formation Page 2 
E 
I 
e 
c 
t 
r 
o 
n 
D 
e 
n 
s 
Plasmas Found in Nature and in 
the Laboratory 
10 
18 
- 6 
10 cm 
10 
1 6 
10 
14 
10 
12 
10 
10 
10 
1 0 
t 10 
y 
(cm-3)^0 
10 
10 cm 
hockwave 
Breakwave 
High 
pressure 
arcs 
10 cm 
Low pressure 
arcs 
Glow 
discharge 
hermonuclear 
fusion 
experiments 
0 
10 cm 
Flames 
Electron 
beams ionosphere 
Solar 
corona 
nterplanetary 
space 
0.1 1.0 10 100 1000 10 000 
Electron Energy kle (eV) 
2 
10 cm 
Debye Length = 
4 
10 cm 
Figure 1.1 Characterisation of plasmas by electron temperature 
and electron density. Debye length = A.^ (Ref. 1) 
classified according to the electron density of the plasma, and the 
average electron energy^ (see figure 1.1). The most notable naturally 
occuring plasmas are stars, in which the conditions of temperature and 
pressure are extreme enough for nuclear fusion to occur. Other natural 
occurances include interplanetary space, the aurora borealis, and 
l ightning. The defini t ion of a plasma is given as an assembly of ions. 
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electrons, neutral atoms and molecules in which the motion of the 
particles is dominated by electromagnetic interaction^. The ions, atoms 
and molecules may be i n either their ground or an excited state. As a 
whole, the plasma is electrically neutral, and further characterized by 
the presence of a plasma sheath at all of it's boundaries. 
Plasmas may be split into two general types, equilibrium and 
non-equi l ibr ium plasmas. The former are known as "hot" plasmas; 
these have roughly equal electron and molecular temperatures. The 
"cold", non-equilibrium plasmas have gas temperatures much lower 
than the electron temperature; typically two orders of magnitude 
lower^. For example, i n a glow discharge, the electron temperature is 
roughly 30,000 K (2 eV) whilst the gas temperature is often around 
300 K (0.02 eV). 
Hot plasmas have use i n metallurgy, where metallic ores can be 
reduced to the base metal^, and for analysing material by ICP OES 
(inductively coupled plasma optical emission spectrophotometry) or 
ICPMS ( induct ively coupled plasma mass spectroscopy)^. These 
techniques only give elemental analyses, as most materials are reduced 
to their constituent atoms in a hot plasma. This type of plasma is also 
used in attempts to produce controlled nuclear fusion. 
Cold plasmas can be formed in the laboratory by means of a gas 
discharge, and have been known for well over a hundred years. Early 
workers investigating gas discharges had no access to a continuous 
high voltage source of electricity, unt i l the invention of the induction 
coil i n 1851 by Ruhmkorff^ . W i t h this discovery, and the technique 
developed by Geissler which made the fusing of platinum electrodes 
into glass possible, electrical discharges under reduced pressures of gas 
could be observed. The typical appearance of a gas discharge is shown 
in figure 1.2. In the latter half of the nineteenth century, investigations 
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into gas discharges, and the "rays" emitted f r o m the cathode were 
carried out. I n 1897 Thompson demonstrated that these rays were 
negatively charged particles approximately a thousand times lighter 
than hydrogen. Subsequently, these particles were given the name 
"electrons" by Lorentz. Soon after the turn of the century^ i t was 
established that conductivity wi th in the gas discharges resulted f rom 
ions formed by collision of electrons wi th gas molecules. 
The word "plasma" was coined by Langmuir to describe the state 
of ionised gases formed in an electrical discharge^. Cold plasmas are 
also often called g low discharges, as excited species wi th in them 
produce emission of radiation in the visible region. 
1.2.2 Fundamental Aspects of Plasmas 
To exhibit electrical neutrality, the dimensions of the discharged 
gas i n a plasma must be greater than the Debye length, "KD, which 
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defines the distance over which a charge imbalance may exist^. XD is 
given by equation 1.1, where EQ is the permittivity of free space, k is the 
Boltzmann constant, TQ is the electron temperature, n is the electron 
density, and e is the charge on the electron. 
1.1 
A plasma is ignited by the occurance of an ionisation event. This 
can be caused either naturally f r o m background radiation, such as 
cosmic rays; or artificially through such means as a spark generator. I f 
the applied electric f ield is large enough, dielectric breakdown of the gas 
w i l l ignite the plasma. The free electrons formed during ionisation are 
then accelerated by the applied electric f ield, and collide wi th other gas 
molecules. Inelastic collisions w i t h these molecules produce 
vibrational, rotational, and electronic excitations along w i t h further 
ionisations. These additional ionisations release more electrons, which 
sustain the plasma. However, i f the electron mean free path wi th in the 
gas is too low for electrons to be accelarated (by the applied electric field) 
to the energy required for ionisation of gas molecules, then the plasma 
w i l l not be sustained. This w i l l occur i f the pressure of the gas is too 
high. When the gas pressure is too low, the mean free path of the 
electron is large compared to the size of the reactor, and gas collisions 
become unimpor tant^ . The typical pressure range for cold plasma 
experimentation is l imited by these constraints, and the working range 
is between 0.05 and 10 torr. 
The basic reactions w i t h i n a plasma can be d iv ided into 
ionisation or activation processes, and recombination or deactivation 
processes3/9. Some examples of these reactions are shown in table 1.110. 
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I lonisat ion e + O2 - O2*' + 2e 
e + O - 0 + + 2e 
n Dissociative ionisation e + O2 - O"*" + O + 2 e 
in Dissociative attachment e + 0 2 - O" + O 
I V Metastable formation e + H2(^2g) - e + H2(^t^) 
e + O2- 02(^Ag) 
V Charge transfer O" + H2O - OH" + OH* 
0 + + N2 - O* + N2+ 
V I Penning ionisation He (Is 2s IS) + Ar - He + Ar+(^P^/2) + e 
V I I Photo ionisation O2 + hv - 02''" + e 
V I I I Photo detachment NOO" + hv - N O + O* + e 
IX Radiative recombination H + + e - H * + hv 
X Dissociative recombination He2''" + e - 2 He 
Table 1.1 Examples of fundamental reactions wi th in plasmas 
The number of specific reactions however, even in a simple 
plasma, is very large; for example an oxygen plasma has over thirty 
i n d i v i d u a l basic reactions^ which may be occuring w i t h i n i t . The 
activation/ionisation processes can be initiated by electron impact, as 
mentioned previously, or by coUision w i t h ions, atoms or molecules. 
These species seldom attain the kinetic energy required for an 
ionisation event to occur through impact, but processes such as charge 
transfer. Penning ionisation, and associative ionisation may occur. 
Photon impact w i l l also produce excitation or ionisation wi th in a glow 
discharge. 
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Recombination and deactivation reactions are the processes 
whereby the various activated and ionised species lose their energy or 
charge. One of the simplest is by dif fus ion to the side of the reaction 
vessel where upon impact, charge may be neutralised and energy 
exchanged. Another simple process is radiative recombination of ions 
and electrons. However, this is not thought to be as common as 
dissociative recombination or ternary collisions resulting in electron -
ion recombination. 
The average velocity of an electron between collisions is given 
i n equation 1.2^, where M is the mass of the heavier particle, e is the 
electron charge, E is the electric f ield, X is the electron mean free path, 
and m is the mass of the electron. 
The distribution of electron energies i n a plasma is close to a 
Maxwellian distribution^. Which may be expressed as; 
fin(e) = 2.07 < £ > - 3 / 2 £ 1 / 2 e(-l-5 8/<e» Eq. 1.3 
i n which £ represents a specific electron energy, and < E > is the mean 
electron energy. The electron temperature TQ is defined in equation 1.4. 
< 8 > = 3/2 k Te Eq. 1.4 
A better app rox ima t ion to experimental results (by probe 
measu remen t s ! 1 and direct electron sampl ingl^) is given by the 
Druyvesteyn distribution function, which, as shown in figure 1.3 has a 
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Figure 1.3 Energy distributions of electrons in an inert 
gas plasma 
shorter h igh energy tai l than the Maxwel l i an func t ion . The 
Druyvesteyn distribution holds for cases where the electron velocities 
are much greater than those of ions or molecules, but fails when 
inelastic processes are occuring. The Druyvesteyn distribution function 
is shown in equation 1.5. 
We)=1.04<e>3/2, l /2,(-0.55ea/<e>2) ^ ^ ^ ^ 
Most of the electrons wi th in a glow discharge have insufficient energy 
to produce ionisation, molecules commonly having a f irs t ionisation 
energy in the region of 10 eV. Thus the ion concentration tends to be 
small, w i t h neutral species predominating. The most common events 
w i t h i n the glow discharge then may be connected more wi th excitation 
of molecules, rather than their ionisation. Organic bond energies are of 
the order of a few electron volts (see table 1.2), the energies required to 
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C — H 4.3 C = 0 8.0 
C — N 2.9 c — C 3.4 
C — C I 3.4 C = C 6.1 
C — F 4.4 C = C 8.4 
Table 1.2 Typical bond energies for organic compounds 
(energies i n electron volts.) 
disrupt such bonds more easily attainable by spedes in the plasma than 
those needed for iorusation. In a glow discharge of an organic vapour, 
react ions w h i c h may take place i nc lude e l i m i n a t i o n ^ 3, 
i somer isa t ion l^^ dimerisation^S and oligomerisation^6^ as well as 
polymer formation on surfaces in contact w i th the plasma. 
Chemical changes w i t h i n a plasma can also arise f r o m 
absorpt ion by molecules of electromagnetic radiat ion causing 
rotational, vibrational and electronic excitation. The propagation of 
radiation in a plasma occurs as a result of radiative recombination (see 
table 1.1), or radiative decay of an excited state (produced, for example, 
by electron collision). I n most laboratory plasmas, the probability of an 
excited species undergoing a radiative deactivation is comparable to it 
undergoing a collisional deactivation^^. Radiative energy loss can 
occur spontaneously, excited species generally emit w i t h i n ~10"8 
seconds of being formed. Metastable species have a longer l ife (~10'3 
seconds) and are therefore more l ike ly to undergo collisional 
deactivation, or stimulated emission. Stimulated, or induced emission 
occurs when a photon of the emission frequency impinges on the 
excited atom causing the atom to decay. The emitted photon is in phase 
w i t h the incident photon, and this is the principle behind laser action. 
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The probability of stimulated emission occuring is proportional to the 
populat ion of the excited state, and the density of radiation of the 
appropriate frequency in the viciruty of the atom or molecule^^. 
1.2.3 Plasma Techniques 
In a glow discharge there are three main subjects of interest; the 
type of electrical power used, the method of coupling the power source 
to the plasma and the conditions wi th in the reactor itself. These are 
shown schematically in table 1.3^9. xhe use of a D.C. power source, or 
an A.C. power source wi th a frequency of less than 1 MHz. restricts the 
coupling mechanism used to that of a direct (or resistive) nature^O, see 
figure 1.2. The electrodes need to be placed wi th in the reactor when this 
coupling mechanism is used, and contamination of the electrodes by 
species i n the g low discharge may occur. In a plasma polymerisation 
experiment, for example, although direct coupling gives the highest 
deposition rates, problems are often caused by polymer deposition on 
the electrodes. Indirect coupling (either capacitive, or inductive; see 
figure 1.4) eliminates this problem, but an R.F. or microwave power 
Electrical Power —• Coupling Mechanism—•Plasma Environment 
^ Current 
Pressure 
Gas Flow &Temp. 
Reactant Phases 
J J Electric & Magnetic 
Fields 
D.C. 
A.C. 
R.F. 
Microwave 
Resistive 
Capacitive 
Inductive 
Table 1.3 Elements involved in a glow discharge 
experiment 
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Figure 1.4 Indirect coupling methods for glow discharge 
source must be used. 
For reasons stated earlier normal operating pressures in a glow 
discharge are between about 0.05 and 10 torr. Higher pressure plasmas 
can be sustained by using very high powers. However, powers are 
normally ranged f r o m between 0.1 watts to a few kilowatts, but for 
plasma polymerisation the glow discharge power tends to be less than 
150 watts. Sustainable plasmas are not often achievable below 1 watt, 
but l ow average powers are possible using pulsed RF power. Gas 
temperature may be affected by high power, or i f the power is 
concentrated into a small volume. In such cases a cooling system may 
become necessary. 
Electrical and magnetic fields may be applied to a glow discharge, 
the charged species formed in the plasma being affected by such fields. 
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Studies using these techniques are often involved in investigating the 
role of ions wi th in plasmas^^. 
1.2.4 Uses of Cold Plasmas 
Cold plasmas have found use i n several areas, including 
synthetic organic and organometallic chemistry^O where the high 
energies available f r o m the discharge enable the exploitation of 
reaction pathways not normally accessible. The product of this type of 
reaction can often be a complex mixture of compounds, and yields of 
the desired reaction product may be low. To avoid excessive 
rearrangement of organic precursors wi th in the plasma, high electron 
energies are best avoided. 
Another, far more widespread, use of plasmas is i n the field of 
surface modification. Plasmas can be used to create reactive sites on the 
surface of a polymeric material , and these sites can initiate a 
conventional free radical polymerisation at the surface. This is known 
as surface grafting22 and can be used to improve, for example, the 
f lame retardancy23 or the wettability^^ of fabrics, depending on the 
properties of the grafted polymer. Cross-linking of polymer surfaces can 
be achieved by using direct and radiative energy transfer f rom inert gas 
plasmas. Adhesive bonding to the polymer^S can be improved by this 
method. 
Chemical modification of a surface may be accomplished directly 
by using reactive gas plasmas. Glow discharges of oxygen and water 
have been used to increase the wettability of a surface26/27^ whereas 
tetrafluoromethane plasmas are used to increase the hydrophobicity of 
surfaces^S. Ammonia or nitrogen gas have been used to incorporate 
nitrogen atoms into a surface^^. 
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Plasmas are f r equen t ly used i n the electronics and 
semiconductor industry for etching^O Usually oxygen or halocarbon 
discharges are used to remove resists and etch silicon wafers. The 
advantage over chemical etching being that no undercutting of the 
resist occurs^^. Etching of Indium-Tin-Oxide semiconductors has been 
carried out using glow discharges of hydrocarbon gases, in this case i t is 
thought that methyl radicals produced f rom high energy processes are 
the main etching species32/33. 
Deposition of organic, inorganic and metallic thin f i lms f rom 
plasmas has been studied for a number of years34,35,36 Yhe general 
term for the product ion of organic f i lms i n a plasma, is plasma 
polymerisation, whereas plasma enhanced chemical vapour deposition 
(PECVD) is often used to describe the process of forming films f rom 
organometallic precursors. Plasma polymers f o r m on all surfaces in 
contact w i t h the plasma, and are generally different in nature to 
conventional polymers. The deposition of inorganic compounds f rom 
plasmas, such as silicon nitride^^ and silicon oxide^S have particular 
application in the electronics industry. Attempts have been made to 
fabricate high temperature superconducting thin f i lms using plasma 
techniques39. 
Plasmas may also be used to in i t i a t e convent ional 
polymerisations in both solid and l iquid monomers; excitation being 
caused by either direct contact w i t h a plasma, or by excited species 
generated f r o m a plasma'^O. These processes are known as plasma 
induced polymerisation. 
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1.2.5 Plasma Diagnostics 
As mentioned previously, the electron energy distribution of a 
discharge may be obtained using probe techniques^ ^ but this is an 
intrusive method, and the presence of the probe wi th in the plasma 
w i l l perturb i t . There are other techniques which can give information 
concerning species wi th in a plasma. 
Optical Emission Spectrophotometry (OES) is a non-intrusive 
technique, which relies upon characterisation of emitted radiation 
f r o m a plasma^^. Emission lines wi th in the infra-red, visible and ultra-
violet regions can often be attributed to the presence of individual 
species^^ radiation observed is due only to excited states of certain 
species relaxing by photon emission, and so the complete chemical 
composition of the plasma is unobtainable via this method. OES is 
semi-quantative because the intensity of emission f rom a spedes is not 
directly proportional to its concentration, and there is no simple way of 
relat ing emission intensity to concentration. The probabilities of 
excitation and emission under a given mode of excitation are dif f icul t 
to determine fo r any species being studied. Optical emission 
spectroscopy has been applied to the production of amorphous silicon 
f r o m m i x e d s i l ane /a rgon plasmas, and according to some 
investigations the deposition rate is proportional to the SiH* emission 
linens. I n fluorocarbon plasmas, the CF2* emission and F* emission 
are prominent, and the addition of hydrogen to a hexafluoroethane 
plasma drastically reduces the line due to the fluorine radica l^ . 
Ground state species, particularly small ions and radicals (for 
example species such as the CF2 radical and the SiH radical^S) can be 
investigated using laser induced fluorescence (LIE). Laser light is shone 
through the plasma, causing excitation; characteristic fluorescence lines 
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are then observed f r o m the excited species under study. For this 
technique to w o r k the species under study must fluoresce w i t h 
reasonable quantum efficiency. Large polyatomic molecules tend to 
lose energy non-radiatively or dissociate, so LIF is not often applicable 
to them. Laser optogalvanic spectroscopy has been used^^ to 
supplement LIF; positive ions wi th in the cathode sheath may not have 
time to fluoresce before striking the cathode, but a difference in the 
mobil i ty between excited and ground state ions w i l l affect the discharge 
current. The change in current can be used to help determine the 
concentration of these ions close to the cathode. 
Infra-red absorption has been used to monitor molecules wi thin 
g low discharges'^. A wider range of species can be monitored than 
w i t h OES, but sensitivity is low, necessitating the presence of large 
concentrations of strongly absorbing species, or a long optical path 
length. 
Mass spectrometry can be used to examine both ions and neutral 
species w i t h i n a plasma'S. a small hole connects the plasma chamber 
to a mass spectrometer, and all species wi th sufficient lifetime to reach 
the spectrometer can be analysed. The technique is intrusive and 
therefore could affect processes occuring w i t h i n the plasma, but 
substantial information can be gained in the way of mass and energy 
distribution for those spedes analysed. 
A mathematical treatment of a plasma or a particular reaction or 
property of a plasma is termed plasma modelling. Such models have 
use for example, in fo l lowing the kinetics of fundamental reactions in 
a plasma49^ predicting the densities of particular reactive species^^ and 
studying deposition rates, deposition processes and f i l m properties^!. 
A. G. Shard Plasma Assisted Thin Film Formation Page 1 6 
1.3 Plasma Polymerisation 
1.3.1 Introduction 
The process of polymer formation i n a plasma is generally 
referred to as plasma polymerisation or glow discharge polymerisation. 
Plasma polymerisation occurs when an organic or organometallic 
vapour is injected into an inert gas plasma, such as argon, or when a 
plasma is struck in the pure vapour of such a compound. Usually the 
polymer forms as a thin f i l m on all surfaces in contact w i th the plasma. 
Such deposits have been known of for many years^^, but at first were 
regarded as unwanted by-products of the discharge experiments^ 
There are very few restrictions upon the choice of monomer for 
plasma polymerisation, as unlike conventional polymerisation, no 
particular functional group is necessary for the process to occur. The 
structure of such polymers often differs f rom conventional polymers 
in that the molecular structure of the starting material not commonly 
retained dur ing the transition f r o m monomer to polymer. A plasma 
polymer w i l l contain no regular repeat unit and generally consists of a 
random, highly cross-linked organic network containing a number of 
trapped free radicals. The cross-linked nature of these polymers makes 
them very brittle and r ig id , and if they become too thick internal stress 
w i l l cause them to crack and flake. Plasma polymers are often strongly 
adherent to the surfaces they are deposited upon, and due to cross-
l inking tend to be insoluble in most common solvents. 
The number of radicals present in the plasma polymer depends 
greatly upon the monomer used for polymerisation. Unsaturated 
monomers such as benzene and acetylene polymerise mainly through 
difunctional intermediates, while saturated monomers such as 
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Figure 1.5 Rapid step growth mechanism for plasma 
polymerisation (ref. 34) 
methane tend to polymerise via monofunctional species giving rise to 
fewer radicals i n the polymer. Figure 1.5 shows a proposed mechanism 
for plasma polymerisation^' . Cycle 1 shows a monofunctional route to 
polymer format ion, and cycle 2 the difunctional route. The active 
spedes may be radicals or ions or both. 
Once formed, the deposited material is subject to further change 
by contact w i t h the plasma. Spedes wi th in the glow discharge can cause 
ablation and chemical modification. The final product is a result of an 
equil ibrium between the competing processes^', as shown in figure 1.6. 
Abla t ion is a key feature of fluorocarbon plasmas. In the case of 
tetrafluoromethane, the ablation rate is higher than the polymerisation 
rate w i t h the result that no f i l m is formed^S. This is due to the 
presence of highly reactive fluorine species which etch the surface. 
Polymer formation i n a tetrafluoromethane plasma can only occur by 
the addi t ion of hydrogen, or gases which naturally fo rm plasma 
polymers. These gases react wi th the etchant species, reducing the 
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Figure 1.6 Competitive ablation and polymerisation in a plasma, 
showing the formation of gas phase products (ref. 54) 
concentration of them in the gas phase, and hence decreasing the rate 
of chemical etching at the surface. 
The compet i t ive ablation and polymerisat ion process is 
extremely dependent upon plasma conditions, especially the power of 
the discharge and the monomer f l o w rate. The deposition rate of the 
polymer for a particular monomer has been shown56 to vary wi th the 
parameter W / F , as demonstrated i n f igure 1.7, where W is the 
discharge power in watts, and F is the monomer f l ow rate in moles per 
uni t time. When the W / F ratio is low there is insufficient power to 
cause a great deal of polymerisation, wi th reactive spedes being 
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Figure 1.7 The variation of polymer deposition rate wi th W / F 
removed in the comparatively high f low; the resulting deposit is of a 
low molecular weight and oily. When the parameter is large there is a 
monomer deficiency and the result is of ten a powder as the 
polymerisation occurs rapidly in the gas phase. In many cases the 
chemical nature of the f i l m can also be related to the W / F parameter. 
Increasing the average power available to each uni t of monomer 
(increasing W / F ) is l ikely to increase disruption to its molecular 
structure. 
The nature and distribution of the polymer depends to a large 
extent upon the geometrical shape and size of the plasma reactorS''. 
Therefore comparisons between plasma poljnners are d i f f icu l t to make 
unless the same or identical apparatus is employed. The site of 
deposition w i t h i n a reactor w i l l also affect the composition of the 
deposit^^, and for that reason i f comparisons between plasma polymers 
are to be made then the samples should be taken f r o m the same 
position i n a reactor. 
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1.3.2 Uses of Plasma Polymers 
Plasma polymerisat ion is a simple, one-step process for 
depositing thin polymeric fi lms. As such i t has potential application in 
fo rming resist materials^^ in the electronics industry. Plasma polymers 
can be made to be inert and electrically insulating giving them use as 
protective coatings for electronic devices^O, KBr optical windows^^, 
insulating films^^^ and thin f i l m capacitors^S. The strong adhesion of 
plasma polymers to substrates allows them to be used to enhance 
adhesion between materials which do not bond together strongly64, for 
example teflon and steel. 
Plasma polymers are often used to alter the surface properties of 
a mater ial . Fluorocarbon monomers are employed to produce 
hydrophobic and low frict ion coatings^S, whereas hydrophilic films can 
be produced f r o m compounds such as N - v i n y l pyrrolidone for such 
uses as enhancing the comfort of contact lenses^^. Plasma polymers can 
have properties that enable them to be used as semi-permeable 
membranes^ ' ' and ion exchange membranes^S. Organotin plasma 
polymers have been proposed as gas sensor devices^^ and also there are 
a number of potential biomedical uses for plasma polymers^O These 
include the provision of biocompatible surfaces for implants into the 
body, barrier f i lms preventing the dif fus ion of small molecules to a 
substrate and controlled drug release systems. 
A number of problems are associated wi th plasma polymers in 
some applications. The presence of free radicals in the surface of 
plasma polymers results i n an aging affect as these react w i t h 
atmospheric oxygen. The change in some cases can be quite rapid and 
the properties of the f i l m adversely affected. Another problem is that 
the mechanisms of plasma polymerisation and the affect of the various 
A. G. Shard Plasma Assisted Thin Film Formation Page 21 
parameters such as power, f l o w rate and reactor design are poorly 
understood. The nature and properties of a plasma polymer cannot 
always be predicted given these restraints and the preparation of 
polymers w i t h a specific composition or property is diff icult . Processing 
on a large, industrial scale can be expensive and di f f icu l t due to the 
ini t ial equipment costs. 
1.4 Plasma Enhanced Chemical Vapour Deposition 
1.4.1 Introduction 
Organometallic and organosilicon compounds, like almost all 
volat i le organic molecules, can be converted into th in f i lms by 
plasmas. Since few organometallics have sufficient volati l i ty and are 
often highly poisonous or d i f f icul t to handle, little work has been done 
unt i l recently on these materials' '!. Organosilicon compounds and in 
particular silane have found extensive use as precursors in the semi-
conductor industry. Silicon oxide'^^, and silicon nitride' '^ formed f rom 
plasmas provide protective, insulating layers and amorphous silicones 
(a-Si:H) can be used as a semi-conductor. 
The product ion of novel metal-polymer and metal oxide-
polymer composite th in f i lms is an area in which plasma enhanced 
CVD has an important role to play74. Methods of incorporating metals 
into polymers include the ion implantation of metals into an already 
formed polymer^S, plasma polymerisation of organic vapour whilst 
sputtering or etching a metal electrode''^, the evaporation of a metal 
into a plasma which is capable of polymerisation' '^ and plasma 
enhanced CVD. Init ial ly, work wi th organotin compounds, particularly 
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tetramethylt in received the most interest''^, but a wide variety of 
organometallic compounds have now been studied''^. 
Th in f i lms of metals^ 0^  metal oxides39 and metal nitrides^^ 
containing l i t t le or no carbon can also be formed by plasma enhanced 
CVD. I n many of these experiments the substrate for collection was 
heated to assist removal of polymeric material and to obtain substantial 
metal content. 
The basic techniques of plasma enhanced CVD are very similar 
to plasma polymerisation, as are the limitations on the understanding 
of the reactions occuring wi th in the plasma. Due to the low volatility 
of some of these compounds i t is often necessary to heat the reservoir 
containing the monomer to obtain a reasonable vapour pressure. 
1.4.2 Plasma enhanced CVD precursors 
Ideally a monomer for plasma work should have a vapour 
pressure of at least a f ew pascals at room temperature, or should be 
stable to heating un t i l such a pressure is reached. A few metallic 
elements fo rm volatile halides and hydrides, and some, such as nickel 
and chromium, have volatile carbonyl complexes. In the case of metal 
carbonyls the deposit formed is often an oxide because of the high 
concentration of oxygen in the parent molecule'^^. 
The methyl and ethyl compounds of t in , germanium, indium, 
zinc and a luminium all have high volati l i ty and have good thermal 
stability. A l u m i n i u m alkyls are extremely sensitive toward oxygen and 
moisture, and must be handled wi th extreme care. A lumin ium nitride 
has been formed using t r imethyl a l u m i n i u m ^ l , and a great deal of 
work has been carried out on tetramethyltin^S. 
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Figure 1.8 Some precursors used in plasma enhanced CVD 
Metal 7i-complexes often have sufficient volat i l i ty for use in 
plasma erUianced CVD. Ferrocene and ferrocene derivatives, see figure 
1.8, have been studied^^ as monomers. I t was found that the iron 
contained i n the plasma deposit mostly retained its ferrocene-like 
envi ronment . 
Some metal chelates, especially acetylacetonate derivatives such 
as those shown in figure 1.8, have reasonable volatilities and can be 
used as precursors for plasma work, although heating is often required. 
Metal f i lms may be prepared w i t h these precursors80/83^ but: the close 
proximity of metal and oxygen atoms tends to favour oxide formation. 
The production of thin films of superconducting Y-Ba-Cu-O films f rom 
the respective p-diketonates of the metals has been carried out using 
conventional CVD methods^ and is possible using lower temperature 
plasma techniques'^, i ron and cobalt acetylacetonate precursors have 
also been used to produce thin magnetic f i l m capable of recording data 
for use in such devices as video tapes and magnetic discs^S. 
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1.5 Plasma Oxidation of Polymers 
The controlled surface oxidation of polymers is of considerable 
importance, part icular ly w i t h a view to improv ing the adhesion 
properties and wettabili ty/printabili ty^^. Many techniques are available 
to acheive this (see chapter 4), but plasma oxidat ion offers a 
convenient, one step route and does not involve high temperatures or 
hazardous chemicals. The process is applicable to any polymer, and has 
even been succesfully applied to polytetrafluoroethylene^^, a material 
which is often regarded as inert. 
Usually oxygen is used as the modi fy ing gas, and in a glow 
discharge produces numerous reactive species including ions, atoms, 
ozone and singlet oxygen^. I t has been shown that in oxygen glow 
discharges the negative ion density (i.e. O and is often greater than 
the electron density^''. Ozone, however, is fair ly scarce at the pressures 
used to oxidatively modi fy polymers, this is due to the infrequency of 
collisions at low pressures; ozone producing intermediates are highly 
energetic, and coll is ional deactivation is required w i t h i n the 
vibrational lifetime of the molecule^S. Gases apart f rom oxygen may be 
used to oxidise polymers, such as water27, nitrous oxide89 and carbon 
dioxide (chapter 4). Gases such as argon^O and ammonia^l can induce 
surface ox ida t ion by p roduc ing trapped free radicals which 
subsequently react w i t h atmospheric oxygen. 
The surface examination of plasma oxidised polymers can be 
very effectively carried out using XPS92. Polymers are found to produce 
a wide range of oxidised functionalities including alcohol, carbonyl and 
carboxylic acid groups. The time used for treatment and plasma power 
can be very important i n determining the exact dis t r ibut ion of 
functionalities; although after a certain time a "steady state" chemistry 
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forms as the exposure of fresh polymer and removal of oxidised spedes 
(such as water and carbon dioxide) reach equilibrium. It has been found 
that the surfaces created by this process revert toward the chemistry of 
the unoxidised polymer over a period of days. This has been attributed 
to the reorientation of hydrophil ic groups^*^, or diffusion of highly 
oxidised low molecular weight segments into the bulk94. Some 
interesting features i n this process include the reappearance of 
hydrophil ici ty for a short time^^. This phenomenon is reproducible 
and the time at which i t occurs in a given system is constant^'^. 
Further chemistry can be done on functionalities produced at 
polymer surfaces, and of particular interest is the initiation of graft 
reactions. Hydroperoxides are often produced as a result of polymer 
oxidat ion in the presence of molecular oxygen^^ These may be 
thermally cleaved to produce ini t ia t ing species for conventional 
p o l y m e r i s a t i o n ^ ^ . Alcohol groups may also be used to initiate a 
graf t ing reaction i n the presence of eerie ions which produce a one 
electron oxidation of the hydroxyl functionality's^ and this reaction has 
been succesfuUy applied to plasma oxidised polymers'^. 
1.6 Analytical Techniques 
1.6.1 Introduction 
Several techniques have been used to examine plasma deposited 
f i lms , and these can be broadly classified into two groups, bulk 
analytical techniques and surface analytical techniques. The most 
important and recent techniques are listed in table 1.4. Many bulk 
analytical techniques are diff icult to apply to plasma polymers since the 
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Bulk Characterisation 
1 Elemental Analysis 
2 Electron Spin Resonance (ESR) 
3 Solid State N M R 
4 Infra-Red Spectroscopy 
5 Differential Scanning Calorimetry 
6 Pyrolysis Gas Chromatography 
7 Neutron Reflectivity Measurements 
Surface Characterisation 
1 Contact Angle Measurement 
2 Electron Microscopy 
3 Scanning Tunneling Microscopy (STM) 
and Atomic Force Microscopy (AFM) 
4 Reflectance Infra-Red 
5 X-Ray Photoelectron Spectroscopy (XPS) 
6 Secondary Ion Mass Spectroscopy (SIMS) 
Table 1.4 Analytical techniques used to study plasma polymers 
mass of deposited material is usually a great deal smaller than that of 
the substrate. Prolonged experiments w i l l produce larger quantities of 
polymer, which can be collected f rom the walls of the reactor and 
analysed. Transmission infra-red experiments may be carried out more 
easily by depositing the plasma polymer onto a potassium bromide 
window. 
Plasmas are often used to alter the surface properties of 
materials, and so surface characterisation techniques are usually more 
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applicable to plasma polymers. I t is often very easy to apply surface 
techniques to such f i lms, however the properties of the surface may 
not be representative of the bulk properties. I t is often assumed that the 
i n i t i a l surface characteristics of plasma polymers are generally 
considered to be representative of the bulk. I f this assumption is made 
i t is important to examine the product as quickly as possible before 
significant surface changes can occur. Exposure to air before analysis 
may cause some degree of surface oxidation as free radicals trapped in 
the polymer surface react w i t h atmospheric oxygen. This w i l l lead to an 
higher oxygen content at the surface than in the bulk. 
1.6.2 Bulk Analysis 
Plasma polymers examined by elemental analysis often show an 
increase i n carbon content compared to the content of carbon in the 
monomer lOO,101_ j ^ e el imination of other elements as volatile 
products dur ing the plasma process is particularly marked wi th the 
halogens. The high carbon content, compared to the hydrogen content, 
is evidence of the cross-linked nature of these films. Oxygen is usually 
observed, resulting either f rom contamination or f rom reaction of the 
deposit w i t h atmospheric oxygen. 
Electron spin resonance (ESR) can detect the presence of 
unpaired spins i n a material, and thus can be used to monitor the 
concentration of trapped free radicals in a plasma polymer^ ^ has 
been found that the trapped radicals have low mobilities probably due 
to cross-linking in the polymer, and that the highest concentrations of 
radicals result i n f i lms formed f r o m highly unsaturated monomers. 
The fact that f i lms w i t h high free radical concentrations oxidise the 
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most quickly implies that the presence of free radicals is a large 
contributory factor to atmospheric oxidation. 
The generally insoluble nature of plasma polymers makes them 
unsuitable to be studied by solution state N M R analysis. H igh 
resolution solid state N M R spectroscopy can be carried out on them ^  03 
i f enough material is made. The large number of non-identical but 
similar chemical environments in these materials give rise to broad 
peaks. Ethane, ethene and acetylene plasma polymers have been 
studied by ^^C NMR, showing the presence of =CH2, CH, CH2, CH3 
and quaternary carbon groups^^"^. A large number of carbon atoms 
where not directly bonded to hydrogen, again suggesting a high degree 
of branching and cross-linking. Isotopically labelled materials can be 
used to ident i fy the chemical environments a particular atom in the 
monomer f inds itself i n fo l l owing plasma treatment. ^"^C labelled 
toluene^ has been plasma polymerised and N M R analysis has shown 
that some methyl carbon atoms become unsaturated and some ring 
atoms become saturated. This partial saturation of the r ing atoms led to 
a proposed structure of plasma polymerised toluene, shown in figure 
1.9. 
The thermal decomposition of plasma polymers has been 
studied using differential scanning calorimetry^05. There is no phase 
transit ion point where decomposition starts to occur, but a very 
gradual decomposition as the temperature is increased. The good 
thermal s tabi l i ty of plasma polymers is demonstrated by this 
experiment, and has been taken as evidence of cross-linking wi th in the 
polymer. The complete absence of crystallinity has been demonstrated 
by X-ray diffraction techniques^06. 
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Figure 1.9 A proposed structure for plasma polymerised toluene 
The structure of a number of hydrocarbon plasma polymers 
have been investigated using pyrolysis gas chromatography xhey 
were al l f o u n d to be h ighly branched and cross-linked, partially 
unsaturated and containing short alkyl chains and aromatic rings. In 
powders formed at very high powers the amount of branching and 
cross-linking was found to be greater than those formed at lower 
powers. Toluene plasma polymers were found to have similar 
structures 108 using pyrolysis GC mass spectroscopy. In conjunction 
w i t h isotopic labelling experiments this technique also gave evidence 
for the scrambling of the methyl and aromatic r ing carbon atoms of 
toluene molecules subjected to a plasma environment, leading to the 
proposal of a t ropyl ium cation intermediate. GC mass spectroscopy is 
highly useful i n that each peak in the gas chromatogram can be f i rmly 
identified while the gas chromatography is taking place. 
Neutron reflectivity measurements have recently been applied 
to plasma polymerised hydrocarbon films^O^. This technique involves 
reflecting a neutron "ray" through a thin f i l m , see f igure 1.10. The 
reflected intensity is dependent upon the constructive or destructive 
interference of neutrons reflected f rom each interface. Analysis of the 
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Figure 1.10 Passage of a neutron "ray" through a thin f i l m 
interference fringes gives accurate f i l m thickness, f i l m composition 
and an idea of the w i d t h of each interface. This experiment gave 
information on the carbon to hydrogen ratio of the f i lms examined, 
information d i f f icu l t to obtain using other techniques. 
1.6.3 Infra-Red Spectroscopy 
Both bulk and surface analysis can be carried out using infra-red 
spectroscopy, depending upon whether transmission or reflectance 
techniques are used. Reflectance infra-red is used to analyse surfaces 
but the depth to which i t penetrates the sample is of the order of one 
wavelength (about 10 000 A), which is much greater than techniques 
such as XPS and SIMS. Infra-red spectroscopy was commonly applied to 
plasma polymers, particularly in the 1960's and early 1970's when other 
forms of surface analysis were unavailable. 
In f r a - r ed spectra of plasma polymers of ten bear some 
relationship to the spectrum of the monomer or a conventional 
polymer of the monomer. Peaks in the spectra of the monomer tend to 
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become broader and less wel l defined upon plasma polymerisation. 
This indicates the formation of a large variety of slightly different 
chemical environments for each functional group wi th in the product. 
Figure 1.11 shows the infra-red spectra of plasma polymerised N-v iny l 
pyrroUdinone prepared at high and low powers and compared wi th the 
Sf>ectrum of the monomer^lO. The broadening of the peaks can be seen 
clearly in the spectra of the solid films, especially in the case of the high 
power polymer. The presence of functional groups in the plasma 
polymer not present i n the monomer can be detected by infra-red 
analysis. For example, i n the SOW plasma polymer of NVP a peak at 
about 2200 c m ' l appears which the spectrum of the monomer does not 
have. This peak probably corresponds to C=N, CsC or N = C = 0 groups 
formed during the plasma polymerisation process, see figure 1.11. 
The disappearance of certain peaks upon polymerisation may 
give an indication of the mechanism of polymerisation. In the case of 
NVP, the C=C peak at 1620 c m ' l is lost during the deposition process 
/ ew 
PtASMA »>aYHSC£D NVP 
% T 
5500 3000 2500 2 O O O « O 0 1 6 O 0 1 U ) O 1 2 O 0 X ) 0 0 e 0 0 « ) O j „ - « 
W O 
90 
60 
kO 
20 
0 
>0 6 0 TO » 0 » 0 X) 12 * 16 W 20 » 
MOfOtR 
Figure 1.11 Infra-red sp>ectra of plasma polymerised N-vinyl 
pyrrolidinone (NVP) and monomer 
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indicating that polymer formation occurs to a large extent through the 
opening of the carbon double bond in the manner of conventional 
addition polymerisation. 
Infra-red analysis has been used to examine many aspects of 
plasma polymers, including the oxidation of a f i l m upon aging, by 
f o l l o w i n g the g rowth of peaks associated w i t h C = 0 and O-H 
g r o u p s ^ T h e format ion of f luor ine containing cations at the 
boundary between a fluorocarbon plasma polymer and its substrate has 
also been studied by infra-red analysis^ 12 
1.6.4 Surface Analysis 
The contact angle between a surface and a drop of l iquid (usually 
dis t i l led water) gives an indication of the surface energy of the 
material. W i t h a number of liquids of known surface energy a fair ly 
accurate value for the surface energy of a solid material can be 
calculated. Polar surfaces such as polymers w i t h an high level of 
oxygen functionalities have large surface energies, and have small 
contact angles w i t h water. Low energy surfaces, such as fluorocarbon 
polymers have a large contact angle w i t h water. Plasma polymers can 
be deposited on a surface to give contact angles f rom zero^^O to almost 
180° 113. Very h igh and very low contact angles usually result f rom 
surface roughness, and therefore i t is important to have a smooth 
surface i f accurate contact angle measurements are to be made. Contact 
angle measurements are a quick and cheap method of obtaining 
information about a surface, but i t cannot provide data on the chemical 
composition of the surface. 
Electron microscopy has been used to examine the surface 
morphology of plasma polymers^^^ These studies show plasma 
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polymers to be mainly smooth and pinhole free, although those 
formed at high power and low f low rates tend to be rougher. The study 
of deposition characteristics of silicon containing fi lms f r o m plasmas is 
very important for the semi-conductor industry. Electron microscopy is 
often employed to study the thickness and evenness of the growth of 
such f i lms^lS. 
Al though scanning tunnell ing microscopy (STM) and atomic 
force microscopy (AFM) have not been applied to plasma polymers 
they have recently been used on conventional polymers such as 
p o l y e t h y l e n e ^ 1 ^ . The heights of structures at the surface of 
polyethylene were measured more accurately than they had previously 
been measured using electron microscopy, the same increased accuracy 
could be applied to plasma formed deposits. The disadvantage of these 
techniques is that a thin conducting layer sometimes has to be applied 
to the surface which may alter some of the features of the surface. 
Unl ike most surface analytical techniques however, high vacuum 
equipment is not needed to operate STM or A F M making them 
relatively easy to use. 
Secondary ion mass spectroscopy (SIMS) has not yet been applied 
to plasma polymers to a great extent, although its use on conventional 
polymers is wel l established!!''. The technique involves bombardment 
of the surface by a beam of high energy ions. The ablated fragments 
f r o m the surface are analysed by mass spectroscopy. The two modes of 
use of SIMS are termed static SIMS, where a low ion current is rastered 
across the surface of the sample, and dynamic SIMS in which an high 
ion current is focused in a particular area and substantial material is 
ablated. The first mode avoids sampling material already damaged by 
the ion beam and is useful for chemical analyses of fragments. The 
latter mode (dynamic SIMS) is used as a depth profile technique, giving 
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in format ion mainly on elemental composition. The comparison of 
static SIMS spectra of plasma polymers w i t h conventional polymers 
and mass spectra of organic compounds can give considerable chemical 
information when coupled w i t h other data, such as XPS. 
1.6.5 X-ray Photoelectron Spectroscopy 
X-Ray photoelectron spectroscopy (XPS), also known as ESCA 
(electron spectroscopy for chemical analysis), was f irs t applied to 
plasma polymers i n the 1970's^^^, and has since become the standard 
technique for analysing plasma polymers. Samples are irradiated by a 
monochromatic X-ray source, and the energy of photoelectrons emitted 
f r o m the surface of the sample are analysed. The binding energies of 
the electrons can be calculated f r o m equation 1.6 where BE is the 
binding energy of the electron, hv is the energy of incident X-rays and 
KE is the measured energy of the escaped electron. 
BE = hv - KE Eq. 1.6 
XPS studies are most o f ten used fo r examining the 
photoelectrons evolved f r o m the core levels of particular elements. 
Each atomic core level of each element has a particular binding energy, 
and a knowledge of the sensitivity factor for each level can give a semi-
quantative elemental analysis of a surface (accurate to about ± 5%). The 
only element which carmot be detected in a surface by XPS is hydrogen 
since i t does not possess any core level electrons. 
The removal of a core electron f rom an atom leaves a vacancy 
which is f i l l ed by an electron f r o m an higher energy shell fal l ing to 
occupy it. The energy of this transition is lost by one of two processes, 
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Figure 1.12 Photoionisation, Auger and X-ray fluorescence 
Auger emission of an electron or X-ray fluorescence^l^ (see figure 1.12). 
The energy of ejected Auger electrons is related to the energies of both 
valence and core orbitals, and not the energy of the exciting radiation. 
Auger peaks can be distinguished f rom photoelectrons by changing the 
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energy of the X-ray source. The excitation energy for photoionisation 
has no effect on the kinetic energy of the Auger electrons, but has on 
the photoelectrons, as equation 1.6 demonstrates. Analysis of Auger 
electrons is the key to Auger electron spectroscopy, which is used 
primari ly for the analysis of metal and semiconductor surfaces and has 
been applied to PECVD formed material82. The large f lux of electrons 
which is used for ionisation during Auger Electron Spectroscopy causes 
radiation damage to polymer surfaces, and so is not often used to study 
such materials^^O 
The photoionisation event may also be accompanied by an 
excitation or emission of a valence electron. These processes are 
respectively termed shake-up and shake-off transitions, and are 
illustrated i n figtu-e 1.13. The shake up and shake-off processes give rise 
to satellite peaks appearing on the low kinetic energy side of the direct 
photoionisation peak. In organic compounds the presence of shake up 
satellites is indicative of aromatic species or other short range 
Shake o f f Shake up Photoioriisation 
Kinetic Energy 
Figure 1.13 Photoionisation, shake-up and shake-off processes 
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u n s a t u r a t i o n s l - 1 . This peak generally arises f rom a K-K* transition 
occuring simultaneously wi th the photoionisation event, and can be 
used as a probe for unsaturation in plasma polymers. 
The electronic charge on an atom w i l l have an influence upon 
the kinetic energy of the photoelectron leaving the atom. Eleciron 
wi thdrawing or donating groups bonded, or in close proximity to the 
atom w i l l accordingly raise or lower the apparent binding energy of the 
electron leaving that atom. This change in binding energy is known as 
chemical shift, and is particularly useful for analysis of the Cis core 
level i n the presence if highly electron withdrawing elements, such as 
oxygen and fluorine. A good illustration of chemical shift is the Cis 
spectrum of ethyl trifluoroacetate!22^ shown in figure 1.14. 
XPS samples to a depth of approximately 50 A, the exact depth 
depending upon the mean free path of the electron in the solid. This 
sampling depth can be varied to allow a degree of depth profiling. One 
K. Siegbahn 
S73 
10 8 6 4 2 0 E=29l2eV 
Figure 1.14 Cis spectrum of ethyl trifluoroacetate 
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analyser 
X-rays 
d ' = d / c o s 9 
Figure 1.15 Effect of take off angle on sampling depth 
wa of achieve i n this is by altering the take off angle of electrons^^S^ see 
figure 1.15. A t an high value of 6 an electron f rom a certain depth (d) 
has to travel through more of the sample to reach the analyser (actual 
distance d') than at a low angle. Examination of two different core 
levels of the same element (for example Ois and O2S) can also give 
depth prof i l ing , the electron mean free path for electrons f rom each 
level is different as they have differing kinetic energies. 
The principle method of analysis used i n these studies is XPS, 
which is generally a very powerful tool for examining glow discharge 
polymers. Core level spectra f r o m XPS give l i t t le informat ion, 
however, about hydrocarbon polymers, and, as for all forms of surface 
analysis, the sample must be clean because even a very thin layer of 
contamination w i l l obscure the signal f rom the sample. 
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Chapter 2 
Plasma Polymerisation of some Highly 
Fluorinated Monomers 
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2.1 Introduction 
The polymerisation of some fluorinated monomers w i t h i n a 
g low discharge has received attention previously. Clark et. al. studied 
deposits f r o m a series of f luorinated monomers including benzene 
derivatives, and some other perfluorocyclic compounds. The highly 
electronegative nature of fluorine atoms enables such plasma polymers 
to be very effectively examined by XPS^. The C i g region is easily 
deconvoluted in to d i f fe r ing carbon atom environments. Many other 
perfluorocarbons have been used as starting compounds for plasma 
polymer isa t ion , such as perf luorotoluene^, perf luoropropane^, 
tetrafluoroethylene^, and a range of perfluoroalkanes^. In the cases of 
tetrafluoromethane and hexafluoroethane the ablation rate is higher 
than the rate of polymerisation w i t h the result that these gases are 
often used as etchants. 
The compositions of the products shows that considerable 
rearrangement of the monomer occurs d u r i n g the plasma 
polymer isa t ion process. For instance, the plasma polymer of 
perfluorobenzene w i l l often contain a considerable density of CF2 and 
C F 3 groups (as shown by XPS)^ which are not present in the 
monomer. Yasuda attributes the major mechanism of perfluorocarbon 
plasma po lymer i s a t i on to the reaction of d i f u n c t i o n a l or 
m u l t i f u n c t i o n a l act ivated species^ (cycle 2 i n f igure 1.5). The 
detachment of f luorine atoms f r o m the monomer results in reactive 
f luor ine species being generated which w i l l participate in further 
reactions w i t h species in the gas phase. The generation of molecular 
f luorine is disfavoured energetically due to the low F-F bond strength 
(157 k j mol-^, compared wi th C-F bond strength = 490 k j mol '^) . Other 
work has shown^ that CFx radicals play a major role in the production 
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of polymer forming intermediates. However, the similarity of plasma 
polymers and photopolymers of highly unsaturated systems such as 
perfluorobenzene and perfluorotoluene imply that the major route of 
polymer format ion for these compounds is through electronically 
excited intermediates, and that ion chemistry is not involved to a 
significant degree^. 
In general, plasma polymerised fluorocarbon fi lms exhibit high 
chemical stability, low surface energies and low coefficients of friction, 
their main disadvantages compared to hydrocarbon plasma polymers is 
their poor adhesion to substrates and their softness^. Adhesion can be 
i m p r o v e d by cleaning the substrate thoroughly , although the 
formation of inorganic fluorides at the interface between substrate and 
polymer^ may have an effect. The surface energy of a typical perfluoro 
plasma polymer is similar, but often not as low as conventional 
polytetrafluoroethylene (PTFE), whereas coefficients of fr ict ion for such 
materials are quite a lot larger than PTFE (typically 0.12 against steel^O, 
compared w i t h PTFE; 0.04 against steel^^). The reason for the difference 
in frictional properties is most l ikely due to the ability of PTFE chains 
to orientate and "slide" over each other^ 2^ which is not possible for 
h ighly cross-linked plasma polymers (or polymers w i t h bulky side 
groups). 
The production of waterproof fabrics by plasma polymerisation 
of perfluorocarbons relies upon the low surface energies of the 
coating^. The advantage of processing fabrics in this way is that cheap 
materials can be waterproofed by an easy one step method, and have 
permeabili ty to water vapour, a property that most conventional 
wa te rproof fabrics lack. Hexafluoropropene has been plasma 
polymerised to produce gas separation membranes^3^ the monomer 
showing an aff in i ty for oxygen (it is wel l known that oxygen is highly 
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soluble i n perfluorocarbon liquids, and these have been used as blood 
substitutes). When plasma polymerised by itself or w i t h methane, the 
f i lms formed have a greater permeability to oxygen than to nitrogen. 
Plasma polymers f r o m tetrafluoroethylene are used to coat tubes 
through which blood passes, the aggregation of platelets on such 
surfaces is min ima l and they are considered relatively nonthrom-
bogenic^^. 
I n this chapter, plasma polymers of perfluorinated monomers 
are investigated and by comparison between different monomers the 
proposed mechanisms of polymerisation (i.e. excited state versus 
fragmentation) are considered. The effects of power and f low rate are 
exanuned w i t h two structurally dissimilar monomers. In chapter 3 the 
effect of the site of deposition w i t h i n the reactor is investigated. 
Analysis of the surfaces produced was carried out using XPS, SIMS and 
contact angle measurements. 
2.2 Experimental 
2.2.1 Plasma Polymerisation 
A l l plasma polymerisations were carried out i n a cylindrical 
glass reactor (21.5 cm. long, 5 cm. diameter) inserted into an all glass, 
grease free vacuum line. The system is shown schematically in figure 
2.1. Flanged joints were sealed w i t h vi ton O rings, and all other 
connections were made w i t h Cajon ultra torr couplings. Vacuum taps 
were sealed wi th PTFE stoppers. The whole apparatus was evacuated to 
a pressure of ~ 3 x 10"2 mbar using an Edwards E2M2 two stage rotary 
pump, protected by a cold trap. The pressure of the system was 
measured using an Edwards PRIO-S pirani gauge. The plasma was 
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Figure 2.1 Schematic of equipment used for plasma polymerisation 
generated by a 13.56 M H z R. F. generator inductively coupled to the 
reactor through an eight turn copper wire. 
A t the start of each experiment, the leak rate of the system was 
checked by isolating the pump f r o m the reactor and measuring the 
t ime for a given pressure rise to occur. A high leak rate can lead to 
oxygen incorporation into the plasma polymer. I f the leak rate was 
acceptable, then the monomer was introduced into the reactor through 
the needle valve. The f l o w rate of the monomer was measured in the 
same way as the leak rate. The pirani head was then shut of f f rom the 
reactor before igni t ing the plasma to prevent damage to i t . Af ter 
igni t ion the plasma was balanced using an L-C matching network to 
give as low a standing wave ratio as possible. The power meter was 
employed to monitor the the R. F. power and the standing wave ratio. 
(Standing wave ratio (SWR) = Total power generated / Power 
t ransmit ted to plasma.) The plasma polymer was collected on 
aluminium and glass substrates placed on the glass slide wi th in the coil 
region of the reactor. Deposition was allowed to occur for 15 to 20 
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minutes. The reactor was then let up to atmosphere and the samples 
traiisported through air to be analysed. 
The monomers used in this study were perfluorobenzene (PFB; 
99% pur i t y ) , perfluorohexane (PFH; 99%), perfluorodecalin (PFD; 
mixture of cis and trans isomers, 95%), perfluorocyclohexene (PFCH; 
99%) and hexafluoropropene (HFP; 99+%). These were supplied by 
Ald r i ch and used wi thout further purification. A l l monomers (with 
the exception of hexafluoropropene) were degassed before use by 
alternating freeze thaw cycles. 
2.2.2 Analysis 
XPS analyses were collected on either a Kratos ES200 or ES300 
spectrometer i n fixed retarding ratio mode using M g K ai^2 X-rays of 
1253.6 eV energy. Samples were mounted on a probe tip approximately 
17 m m . by 8 mm. , using double sided adhesive tape and, unless 
otherwise stated, a take off angle of 30° was used. C |s component peaks 
were assigned by reference to the experimentally determined binding 
energies of various functionalities i n standard samples^ S and are 
constant to wi th in ± 0.3 eV. 
Contact angles of the plasma polymers w i t h water were 
measured using the sessile drop technique. 
Positive SIMS analysis was performed in a Perkin Elmer 5400 
surface analysis instrument, using the static mode w i t h a 4 keV Xe"*" 
ion source and a beam current of 1 nA. 
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2.2.3 Calculation of Flow and Leak Rates 
A t the pressures used for plasma polymerisation gases and 
vapours can be considered to behave according to the ideal gas law, see 
equation 2.1 
PV = nRT Eq.2.1 
Where P is pressure, V is the volume of the reactor, n the 
number of moles of gas, R is the gas constant and T is the temperature 
in degrees Kelvin. Based on this, the f low rate and the leak rate can be 
calculated f r o m the rate of pressure increase in the system when 
pumping is closed off. 
dn dP V 1 
f l ow rate = "df = dF " RT iriolsec'^ Eq. 2.2 
A t STP one mole of gas occupies 22414 cm^. Converting time to 
minutes and volume to litres, this leads to equation 2.3. 
dP 3 
f low rate = 74.4 V ^"^STP / 
Leak rates can be calculated using the same formula; for accurate 
measurement of f l o w rates the leak rate should be subtracted f rom the 
measured f l o w rate, but i n all cases the leak rate was very small 
compared to the f low rate and considered negligible. 
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2.3 Results and Discussion 
2.3.1 Fluorocarbon Plasma Polymers frorri. Monomers of Varying 
Unsaturation 
Plasma polymers of perfluorobenzene (PFB), per f luoro-
cyclohexene (PFCH), perfluorodecalin (PFD), hexafluoropropene (HFP) 
and perfluorohexane (PFH) were made at conditions of 20 W power, 
and f l o w rate of 0.5 an^ sec'^. XPS analysis showed that ail monomers 
formed a fluorocarbon f i l m under these operating conditions. Some of 
the polymers exhibited small peaks in the O^s (oxygen) region; oxygen 
incorporation occuring either dur ing plasma polymerisation (due to 
the small leaks), or reaction of free radicals in the f i l m w i t h 
atmospheric oxygen upon exposure to air. No signal was found in the 
A b p (aluminium) region indicating that the f i lms were uniformly at 
least 70 A thick. 
In all cases the Cis spectra contained signals corresponding to a 
wide range of carbon environments. The component peaks and their 
b inding energies^ are shown w i t h the relevant intensities of that peak 
for a given monomer in table 2.1. The peaks were assumed to be 
gaussian i n shape, and the intensities and width were altered to give 
the best f i t , an example is shown in figure 2.2. A shake up peak due to 
K-K* transitions was sometimes observed at a binding energy of 295.2 
eV, which is indicative of a degree of unsaturation i n the plasma 
polymer. A small amount of hydrocarbon was found on all samples, 
probably present as contamination on the surface of the f i l m . 
The fluorine to carbon ratio was determined in two ways, firstly 
by d iv id ing the total F|S peak area by the Cigarea, taking into account 
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% Contribution to C^g Area 
Assigned 
Peak 
Binding 
Energy 
PFB PFCH - PFD HFP PFH 
C H 285.0 eV 7.3 LO 1.8 3.7 2.5 
C-CFn 286.6 eV 18.0 15.0 13.4 14.0 14.7 
CF 288.3 eV 
289.5 eV 
41.7 30.2 27.9 30.5 24.2 
CF2 291.2 eV 24.6 30.2 32.3 28.6 33.2 
CF3 293.3 eV 7.5 23.0 24.2 23.2 25.4 
TZ-TZ* 295.2 eV 0.9 0.6 0.4 0.0 0.0 
Table 2.1 Composition of plasma polymers of some perfluorocarbons 
C F - C F . 
C - C F 
C H 
285 290 
Binding Energy (eV) 
Figure 2.2 Peak f i t of an hexafluoropropene plasma polymer made at 
20W power and 0.5 m i / m i n f low rate 
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the relative sensitivity factors for each element (0.53 for fluorine and 
1.00 for carbon on the XPS apparatus used for these analyses). Secondly, 
analysis of the component peaks of the C | s envelope gave a fluorine to 
carbon ratio because i t is possible to tell the number of fluorine atoms 
bound to a certain proportion of carbon atoms. The areas of each carbon 
peak [x] are treated as a number of fluorine atoms per carbon, as in 
equation 2.4. There was good agreement between the two methods, 
w i t h less than 5% difference in the fluorine to carbon ratio between the 
first and second method. 
F _ 3[CF3] + 2[CF2] + [CF] 
C - Total Cis Area ^^-^-^ 
Figure 2.3 shows the F:C ratio of the monomer plotted against 
that of the polymer. I t was found that although the proportion of 
f luorine i n the poljoner rises as a result of an increased saturation of 
the monomer, the more saturated starting materials tended to produce 
polymers w i t h similar stoichiometries of approximately CF1.55. This 
seems to indicate that under these experimental conditions the f i l m 
formed has a maximum F:C ratio, and this cannot be increased by 
changing the monomer. The results also show that a substantial loss of 
f luorine occurs during the plasma polymerisation of highly saturated 
monomers. 
Deconvolution of the Cis spectra (see table 2.1) also shows little 
difference between the more saturated monomers. A slight increase in 
CF2 and CF3 content is evident as the F:C ratio of the monomer 
increases. Hexafluoropropene does not seem to f i t into this trend 
almost certainly because of a structural difference to the compounds it 
is being compared to. The other monomers comprise mainly of CF2 
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1.8 
0.8 
U 1.21 
1.0 1.5 2.0 
F:C monomer 
2.5 
Figure 2.3 Plasma polymers of various monomers made at 
20W and 0.5 ml min ' ^ 
units (excluding PFB), whereas this reactant has CF, CF2 and CF3 
groups ini t ial ly i n equal numbers. The resulting plasma polymer has a 
more even spread of functionalities which suggests that under the 
experimental conditions used the structure of the monomer has an 
influence upon the resulting polymer. The shake up peak intensity 
diminishes as the monomers become more highly saturated. This is 
indicative of a reduction in unsaturated sites i n the plasma polymers, 
and also implies that the monomeric structure is not entirely lost 
during the deposition process. 
Figure 2.4 shows the contact angle of water w i t h the plasma 
polymers . Once again there is a large di f ference between 
perfluorobenzene and the more saturated monomers, w i t h the more 
highly fluorinated surfaces showing high contact angles wi th water. 
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115 
1.5^ ^ „ 2.0 
F:C Monomer 
Figure 2.4 Contact angles of water wi th plasma polymers of 
perfluorocarbons 
The contact angles are slightly higher than that of water on teflon 
(which is 110° 15) even though the F:C ratio is lower by XPS analysis. 
The prescence of surface roughness could increase the measured 
contact angle, Wenzel's lawl5,16 states that wettable surfaces (0 < 90°) 
w i l l become more wettable when roughened, and non-wettable 
surfaces (9 > 90°) more non-wettable. 
2.3.2 Plasma Polymers of Hexafluoropropene 
The composit ional changes of plasma polymerised hexa-
fluoropropene fi lms as the power and f low rate parameters were varied 
was studied, see figures 2.5 and 2.6. Hexafluoropropene plasmas 
produce polymers that tend to have C-CF, CF2 , CF3 and CF groups 
present i n comparable quantities (20 to 30 per cent). The presence of C-
CF groups i n such a large propor t ion indicates that f luor ine 
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Figure 2.5 Change in composition of hexafluoropropene plasma 
polymerised films w i t h varying power (flow rate = 0.5 ml / min.) 
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Figure 2.6 Change in composition of hexafluoropropene plasma 
polymerised fi lms wi th varying f low rate (power = 15 W) 
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detachment plays an important part i n the polymerisation process, 
since this group is not present in the monomer. The polymer made at 
the highest power in f igure 2.5, and the lowest f l o w rate deposit in 
f igure 2.6 both show an increased number of CF2 groups in 
comparison to the other plasma polymers of this monomer, and a 
corresponding drop in C-CF groups. Under these conditions, w i th an 
W 
high ^ parameter (see reference 6), an alternate polymerisation 
process appears to be occuring, w i t h less elimination of fluorine on 
W 
going f r o m the monomer to the polymer. A t low -p- conditions (i.e. 
when there is a small amount of power per molecule) the major 
polymer fo rming reaction involves fluorine detachment, whereas at 
W 
high ^ this detachment is not as evident although significant 
molecular rearrangement takes place. 
The close correlation between the CF, CF2 and CF3 intensities 
suggests that conventional polymerisation of this monomer occurs to a 
large extent dur ing the deposition. This, however cannot be the case, 
because v e r y h i g h pressures are needed to produce 
p o l y h e x a f l u o r o p r o p e n e ^ ^ . xhe propagation step for free radical 
polymerisation through the double bond is sterically hindered by the 
bu lky CF3 group. Molecules of HFP can be incorporated into the 
growing f i l m by reaction wi th unhindered radicals; 
Surface—CF2- + HFP Surface—CF2-CF2-CF-CF3 
W h i c h w o u l d account for the higher presence of these 
functional groups compared to the other monomers i n section 2.3.1. 
The deposition at low power input or high f l ow rate occurs then 
via removal of f luorine f rom the parent molecule and reaction of the 
A. G. Shard Plasma Assisted Thin Film Formation Page 61 
remaining fragments, and at higher power to f l o w rate ratio there 
seems to be a breakdown to polymer forming species not so typical of 
the monomer. 
2.3.3 Plasma polymers of Perfluorohexane 
Figures 2.7 and 2.8 show the effect of varying the power and f low 
rate parameters for the plasma deposition of perfluorohexane. A t low 
powers and low f low rates perfluorohexane plasma polymers exhibit a 
high degree of fluorination wi th a large (30+%) content of CF2 groups, 
the number of CF3 groups is also large, reflecting the highly 
fluorinated nature of the monomer. Presence of CF and C-CF groups 
indicate that fluorine detachment occurs in the plasma, and given the 
CD 
u 
32 
28 
24 
20-
16-
12-
8-
4 -
0 
10 
1 3 — CH 
- A — C-CF 
- o — Total CF 
• ' O — CF2 
— CF3 
15 20 25 
Power of plasma (W) 
30 
Figure 2.7 Change in composition of perfluorohexane plasma 
polymers wi th power (flow rate = 0.33 ml /min . ) 
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Figure 2.8 Change i n composition of perfluorohexane plasma 
polymers wi th f l ow rate (Power = 10 W) 
unsaturated straight chain structure of the monomer is probably 
necessary for any fo rm of polymerisation. A t high powers and also at 
h igh f l o w rates, the proportion of CF groups i n the plasma polymer 
increases and the content of CF2 and CF3 groups tend to deaease, 
f igure 2.9 shows two perfluorohexane plasma polymers made at high 
and low powers for comparison. Usually polymers formed at high f low 
rates are similar to those formed at low powers, as i n the case of 
hexafluoropropene. Over the range of powers and flow rates studied 
here i t appears that increasing power or flow rate in a perfluorohexane 
plasma produces similar chemical changes in the deposited f i l m . No 
attempt was made to examine deposition rates, which may well fol low 
W 
the ^ dependence outl ined by Yasuda^. A plot of the fluorine to 
carbon ratio of perfluorohexane fi lms against power multiplied by the 
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Binding Energy (eV) 
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Figure 2.9 Plasma polymers of perfluorohexane made at 5W (top) and 
20W (bottom) showing decrease in highly fluorinated carbon 
flow rate showed a steady decrease in fluorine content wi th increasing 
W x F, see figure 2.10. 
The compositions of the polymers formed at high powers and 
high flow rates imply that they have more cross l inking than those 
formed at low powers and flow rates. It is known that exposure of 
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Figure 2.10 Fluorine content against reaction conditions for 
perfluorohexane plasma polymers 
conventional polymers to an inert gas plasma induces cross l inking at 
the surface of the polymer^^. a similar effect could happen at the 
surface of the growing plasma polymer as i t forms. The amount of 
cross l inking wou ld depend upon the flux of active species bombarding 
the surface and an increase in power would increase the number and 
energies of such species. A rise in pressure would also increase the flux 
of such species and in the reactor used i n these experiments a rise in 
flow rate was accompanied by a rise in pressure, since the pumping 
speed was not variable. Cross l i nk ing w o u l d probably occur by 
elimination of volatile fluorocarbons or fluorine f rom the surface (see 
figure 2.11). 
The positive SIMS spectrum of a f i l m formed at a flow rate of 0.2 
m l min-1 and a power of 15 W is shown in f igure 2.12. This has 
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similarities to the SIMS spectra of PTFE^^ and plasma polymerised 
perfluorocyclohexane^O. The main peaks are concentrated below 150 
atomic mass units, which is indicative of a high degree of cross l inking 
in the fluorocarbon substrate. The dominant fragment f rom the film is 
+ the CFg ion, which although present in the SIMS spectrum of PTFE is 
+ + 
not as intense as the CF peak. The presence of the CF^ ion in SIMS 
analysis of PTFE is attributed to rearrangement of sputtered species 
before mass analysis occurs (PTFE consists solely of -CF2- units). The 
most intense peak in the SIMS spectrum of plasma polymerised 
perfluorocydohexane is also CF . Although instrumental factors may 
alter the relative heights of peaks, the large CF^ peak is probably due to 
a significant -CF3 group concentration at the surface of the plasma 
polymer. The other peaks present in the spectrum are common 
fragments f r o m a saturated perfluorocarbon surface, w i t h most peaks 
+ 
i n common w i t h the SIMS spectrum of PTFE. The large C2F5 peak 
could indicate the presence of short, pendant aliphatic chains. 
X 
C — C — C C — C — C 
• > I + X 
c — c — c c — c — c 
Y 
X . Y = F ,CF3 , qF5 
Figure 2.11 Elimination of small molecules f rom a surface 
to form cross l inking bonds 
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Figure 2.12 Positive SIMS spectra of 15 W, 0.2 m l / m i n plasma 
polymer of perfluorohexane 
2.3.4 Contact Angles w i t h Water 
The contact angles wi th water of some of the plasma polymers 
were measured as a test of hydrophobicity. A l l the f i lms examined 
exhibited contact angles similar to that of PTFE. Figure 2.13 shows that 
there is a tendency for the fi lms to become more hydrophobic wi th an 
increasing F:C ratio (as measured by XPS). There is substantial 
variation f r o m a straight line graph, which is larger than the error in 
measuring contact angles (about ± 2°). This demonstrates that it is not 
solely the f luo r ine content of the surface that determines the 
hydrophobic i ty of the surface. As mentioned previously surface 
roughness has a large effect, also the time between the formation of the 
f i l m and the contact angle measurement can be important as the 
surface energy of h ighly fluorinated surfaces formed by plasma 
deposition can change w i t h t ime^I . 
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Figure 2.13 Contact angle of water on plasma polymers against 
fluorine content 
2.4 Conclusions 
L o w energy surfaces w i t h an high fluorine content can be 
formed by plasma polymerisation of perfluorocarbons. The contact 
angle of water w i t h the surfaces deposited shows some degree of 
dependence on the fluorine to carbon ratio of the polymer as 
determined by XPS. Choice of starting material is important as 
monomers w i t h h igh saturation w i l l produce plasma polymers 
containing more fluorine than those of lower saturation. 
The deposi t ion characteristics of hexafluoropropene and 
perfluorohexane have been examined. A t high powers and low flow 
rates hexafluoropropene forms a polymer w i t h a larger CF2 content 
than at l o w powers and high flow rates. Perfluorohexane on the other 
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hand forms a polymer w i t h a high fluorine content at low power and 
l o w flow rate conditions, whereas at high powers and f l o w rates 
f l u o r i n e content diminishes . SIMS analysis shows that the 
perfluorohexane plasma polymer comprises of short alkyl chains wi th 
l i t t le or no unsaturation, and this is confirmed by the XPS results. 
When these results are compared to studies carried out in 
similar reactors w i t h d i f fe r ing monomers some interesting trends 
emerge. Perf luorocyclohexene f o l l o w s a s imi lar process to 
perfluorohexane, w i t h high pressures and powers producing a f i l m 
w i t h a lower fluorine to carbon ratio. Although this molecule contains 
a double bond, i t is hindered by bulky groups at both ends and cannot 
readily undergo addit ion to radicals in the growing f i l m . The two 
perfluorocyclohexadiene isomers examined tended to higher fluorine 
contents at higher powers and low flow rates. This is similar to the 
results obtained w i t h hexafluoropropene, although the power ranges 
i n the two studies are not directly comparable. Polymer structure in 
these cases is not greatly influenced by ion bombardment, perhaps due 
to a high deposition rate. Perfluorobenzene also has a slightly inaeased 
fluorine content at higher powers^S and i t has been demonstrated that 
it's polymerisation mechanism proceeds via excited states^. It is likely 
that electronically excited intermediates play an important role in the 
polymerisat ion of hexafluoropropene and perfluorocyclohexadiene 
possibly th rough [2+2] Diels-Alder reactions. For signif icant 
polymerisation to occur in this way there must be a significant number 
of excited states i n the gas phase, which means that the polymerisation 
rate (and hence fluorine incorporation) w i l l be enhanced by an increase 
i n power. 
The m a j o r p lasma p o l y m e r i s a t i o n mechan ism of 
perfluorocarbons is highly dependent upon the monomer used and the 
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choice of operating parameters. Deposition of highly unsaturated 
systems is mainly through excited states, whereas saturated systems 
deposit polymers as a product of bond scission fo l lowed by 
recombination. Intermediate monomers poljnnerise via a combination 
of both processes and the precise operating conditions determine which 
predominates. 
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Chapter 3 
Deposition of Perfluorocarbon materials from 
Plasmas in Non-Glow Regions 
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3.1 Introduction 
Deposition of polymeric materials in the non-glow regions of 
plasmas has been observed previously^ In the case of 
perfluorocarbon monomers, workers have characterised films formed 
in the downstream non-glow regions of perfluorobenzene, perfluoro-
cyclohexane^ and tetrafluoroethylene2/3. in this region tetrafluoro-
ethylene can polymerise as a film consisting approximately of 95% CF2 
units (as determined by XPS)^. The deposition rate of such polymers 
was found to be typically 100 to 1000 times slower than in the glow 
region. Similar experiments^ demonstrated that reactor design plays a 
crucial part in the deposition of these films, and such films are probably 
formed by conventional polymerisation of unaltered monomer. 
However, it was found that deposits could be formed in the non-glow 
region from other monomers which have no conventional 
polymerisation route available^. These polymers often had a large 
variance in structure from both the monomer and the deposit formed 
in the glow region. The results suggested that the downstream deposit 
in the non-glow region of perfluorocarbon plasmas is a result of long 
lived polymer forming species produced in the plasma, and not 
necessarily dependent upon the structure of the monomer. 
The use of a Faraday cage within the plasma region itself to 
produce a field free zone has been shown to produce polymers from 
tetrafluoroethylene that are similar in structure to non-glow region 
products^. In these studies the polymers with high CF2 content were 
formed only near the inlet of the reactor and can be attributed to 
conventional polymerisation of tetrafluoroethylene before the 
monomer has suffered rearrangement in the plasma. 
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Most of these studies have concentrated upon tetrafluoro-
ethylene which conventionally polymerises to form material solely 
containing CF2 groups. The position of substrates for collection of 
deposits were often distinguished only by being situated either within 
the glow or non-glow region. Studies carried out in this chapter show 
that such an approach is inadequate. In a flowing system such as those 
used in most studies, distance from the monomer inlet can have a 
profound influence on the chemical structure of the polymer both 
within and out of the glow region. 
The monomers discussed in this chapter are hexafluoropropene, 
and perfluorohexane. Conventional polymerisation of these 
compounds will not occur under the conditions used in these 
experiments and for substantial deposits to form in the non-glow 
region, rearrangement or activation to produce long lived 
polymerisable spedes must occur. 
3.2 Experimental 
The experiments in this section were carried out in a cylindrical 
glass reactor 39.5 cm by 5.0 cm as shown in figure 3.1. A steel mesh 
cage, with 2 mm gaps and wire thickness of 2mm, which was capable of 
being earthed could be inserted into the downstream half of the reactor 
(figure 3.2), to act as a faraday cage, and no visible glow discharge 
occured within it at the powers used. It was found that the deposition 
rate in the cage and the non-glow region was low and the reactions 
were allowed to occur for 2 to 3 hours to build a layer which, by XPS, no 
substrate showed through. The plasma polymers were collected on 
aluminium foil placed at different points along the reactors. In reactor 
one, four pieces of aluminium foil were placed on the glass slides at 
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Glass slide 
Pump 
/ \ 
Viton "0" Ring R. F . Coil 
Figure 3.1 Reactor one, used for deposition of materials in the 
downstream region of the reactor. 
distances of approximately 10 cm, 20 cm, 28 cm and 39 cm from the 
inlet end of the reactor. Because of the slight vibration of the reactor 
due to its connection to the pumping system there was often some 
initial movement of the substrates within the reactor. The positions 
were measured for a second time at the end of the experiment and 
these values were taken as the position of the substrate during actual 
deposition. In reactor two one piece of foil was placed inside the metal 
cage, at a distance of 28 cm from the inlet, and one outside, at 10 cm. 
Analysis was carried out as described in chapter 2. The intensive 
Pump • f 
7 \ 
Viton "0" Ring R. P. Coil 
Inlet 
Figure 3.2 Reactor two, used for deposition of material within a 
field free zone 
A. G. Shard Plasma Assisted Thin Film Formation Page 76 
XPS study in section 3.3.1 was performed in a Perkin Elmer 5400 
surface analysis instrument. In addition to water, the contact angle of 
diiodomethane with the surface was measured. The combination of 
water and diiodomethane contact angles could be used to determine 
the contribution to surface energy of the polar and dispersive 
components^. The approximate value of the surface energy of the 
sample can be found by adding the polar and dispersive components 
together, which are calculated from equations 3.1 and 3.2. 
(2.15 cos ew - cos eCH2l2 + 115)2 
^ = 0127 
, (cos ew-0.193 V7P +1)2 
^ = 0016 ^^-^-^ 
Where yP is the polar component and the dispersive 
component of the surface energy and 6w and 9CH2I2 are respectively 
the contact angle between water or diiodomethane and the surface. 
3.3 Results and Discussion 
3.3.1 Deposition of Perfluorohexane in the Non-Glow Region 
Figures 3.3 and 3.4 are the result of an intensive XPS study of 
material deposited on a long aluminium foil strip laid along reactor 1. 
The conditions used for this experiment were 15 W power and 0.2 
ml /min flow rate. Figure 3.3a illustrates the variation in chemical 
character of the polymeric film from the inlet end to the centre of the 
reactor (the glow region). Figure 3.3b shows in the foreground the 
furthest downstream deposit, and in the background the polymer 
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foi-med in the middle of the reactor (the non-glow region). It can be 
easily seen that peaks corresponding to the CF2 functionality increase 
i 
o 
o 
o 
o 
296 294 292 290 288 286 284 282 280 
BINDING ENERGY, eV 
Outlet 
296 294 292 290 288 286 284 282 280 
Figure 3.3 XPS Cis spectra (a) from the inlet to the centre of the 
reactor, (b) from the outlet to the centre of the reactor 
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in relation to the other groups present in the polymers on moving 
toward the outlet. A comparison of elemental peak areas (Fis and Cis, 
see chapter 2) shows that the F:C ratio of the deposited film increases 
toward the outlet region of the plasma reactor. In the vicinity of the 
inlet the stoichiometry is CF1.58 which increases to CF1.91 at the 
furthest downstream site. 
The deconvolution of the C i S envelopes for the downstream 
deposits is summarised in figure 3.4. The growth of the CF2 peak area 
appears to be almost linear with distance from the plasma region, and 
the other functionalities contribute less to the overall C i s intensity as 
<: 
r-H 
u 
o 
30 32 34 
Distance from Inlet (cm) 
Figure 3.4 Composition of downstream deposits from a 
15 W, 0.2 ml/min perfluorohexane plasma 
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their content in the film diminishes. There is a slight increase in CF3 
intensity relative to the C F and C - C F peak areas, but not as marked as 
the rise in CF2 functionality. Variable take off angle XPS studies^ 
demonstrated negligable chemical change with depth within the 
topmost 70 A , which indicates that the films are reasonably 
homogenous throughout their bulk. 
Table 3.1 shows the change in composition of the plasma 
polymers as a function of both power and position in reactor one. At 
low and 20W power the substrate furthest from the inlet failed to 
collect enough material to obscure the AI2P signal. This meant that C^g 
deconvolution could not be carried out in a meaningful way as 
Distance 
from % of C i c Area Contact 
Inlet 
C H C-CF C F CF2 CF3 CF2 
CF3 
Angles 
H2O CH2I2 
low power. 0.5 ml/min flow rate 
14 cm 2.3 17.5 29.4 27.9 22.9 1.22 112 75 
20 cm 2.6 19.1 29.0 27.6 21.7 1.27 114 79 
29 cm 6.0 16.0 21.9 32.7 23.4 1.40 119 83 
38 cm * * * * 2.37 » 90 
20W power. 0.5 ml/min flow rate 
10 cm 1.6 16.2 29.8 27.9 24.5 1.14 108 80 
20 cm 1.8 19.9 28.3 26.7 23.3 1.15 114 87 
29 cm 2.5 18.6 26.3 28.6 24.1 1.19 118 93 
39 cm * * * * 1.90 * 91 
30W power. 0.5 ml/min flow rate 
16 cm 2.8 17.5 29.2 27.4 23.2 1.18 117 95 
22 cm+ 5.4 19.6 30.4 24.8 19.9 1.25 111 89 
28 cm 1.7 18.0 27.8 28.2 24.4 1.16 117 95 
38 cm 1.6 17.4 23.5 31.3 26.2 1.19 118 90 
Reading not taken, due to low film thickness or instability to water 
+Substrate fell from glass slide to base of reactor 
Table 3.1 Perfluorohexane plasma polymers, effect of 
power and position in reactor 
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hydrocarbon material present on the surface of the aluminium foil was 
also visible by XPS. Peaks with chemical shifts assignable to both CF2 
and CF3 groups were noted and since the intensities of such peaks 
should be unaffected by any contribution from the hydrocarbon layer, 
the ratio of the area under these peaks was taken as characteristic of the 
material deposited during plasma polymerisation. This ratio can be 
seen as an indication of the extent of cross linking in the polymer, with 
CF2 
a large value indicating mainly a straight chain structure. 
The measurement of the contact angle of water with some of the 
downstream samples proved difficult due to the apparent instability of 
such deposits to water. Initially very high contact angles were observed, 
but after a few seconds the drop of water spread to give low contact 
angles of about 10 to 15 degrees. Diiodomethane exhibited no spreading 
on these surfaces indicating that the polymers were stable to contact 
with some solvents other than water. This phenomenon is discussed 
further in section 3.3.3. 
The most marked changes in the nature of the plasma polymers 
occurs at the boundary between the plasma region and the non-glow 
region. At lOW the plasma extended from the inlet to about 15 cm. 
downstream, at 20W it extended to about 25 cm. and at 30W power the 
plasma filled the reactor. Plasmas struck at below lOW in this reactor at 
0.50 ml/min flow rate were unstable. At 30W power there is a sUght 
increase in both CF2 and CF3 content in the downstream deposits, this 
is accompanied by a drop in C F groups, but virtually no change in the 
C - C F group concentration. One of the substrates (22 cm.) fell from the 
glass slide to the bottom of the reactor. The deposit on this substrate 
had a strong C F contribution, low F:C ratio and a comparitively high 
surface energy which does not appear to be typical of the other 
polymers formed on other substrates. This result shows that the radial 
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position of the substrate is also important in determining the character 
of the polymer. It is possible that the less fluorinated nature of this film 
is caused by ion bombardment. The walls oT the reactor are negatively 
charged with respect to the plasma'^, and positive ions within the 
sheath region are accelerated toward the wail. The result of this 
impinging flux of ions could cause cross linking and elimination of 
fluorine, as described in chapter 2. Alternatively, the higher 
temperature of the walls in comparison with the glass slide (caused by 
close proximity to the induction coils) may result in volatilisation of 
low molecular weight, highly fluorinated species with a resulting drop 
in fluorine content. 
The polymer formed at 20 cm. downstream in the 20W plasma 
has a slightly lower concentration of CF? and CF3 groups compared 
U 
• lOw 
• 20w 
o 30w 
10 20 30 
Distance from Inlet (cm) 
40 
Figure 3.5 Stoichiometry of polymers as a function of 
position in reactor 
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with the deposit at 10 cm., coupled with an increase in the C - C F 
intensity. This change is mirrored in the lOW plasma polymer, figure 
3.5 shows that there is a slight drop in the F:C ratio at this point 
followed by a rise. This change can result from fragmentation of the 
perfluorohexane monomer into smaller species, the deposits being 
typical of the species present in the plasma at that point. At -20 cm. 
more fragmentation has occured than at -10 cm. and hence the 
polymer has a structure less like that of the monomer. Further 
downstream (at -30 an.) there is a rise in CF2 content in the polymer, a 
smaller rise in CF3 content and a marked drop in C F content. The 
deposits at -40 cm. were too thin for a meaningful peak fit to be carried 
out, but the ratio of the CF2 area to the CF3 area was very large in this 
region indicating a mainly straight chain polymer with a degree of 
S 
u 
o 
eft 
• lOW 
• 20w 
B 30w 
Position in reactor (cm) 
Figure 3.6 Surface energies of perfluorohexane plasma polymers as 
a function of power and position in reactor 
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crosslinking and branching. 
The surface energies calculated from the contact angles in table 
3.1 are shown in figure 3.6. Polar surface energies tend to be very low 
(of the order of 1 dyn/cm), most of the surface energy consisting of 
dispersion forces. The values obtained for surface energy of these 
materials are often lower than that of teflon (18 dyn/cm), this is 
probably because the surface of the plasma polymers is not ideally flat 
(see section 3.4). Downstream samples appear to have a lower surface 
energy than upstream samples, which may be a result of the higher 
fluorine content of the downstream samples. Surface energy also 
appears to decrease with an increase in the power of the plasma. This 
effect is almost certainly due to surface roughness, as there is little 
difference in the XPS data between polymers formed at different 
powers in upstream sites. The furthest downstream deposits at low 
powers demonstrated instability to contact with water, so no surface 
energy calculations were possible using this method. These deposits 
did show stability to diiodomethane and the contact angle exhibited 
was very large, about the same as the 30W plasma polymers. 
Table 3.2 shows the change in the chemical nature of 
perfluorohexane plasma polymers with flow rate and position in 
reactor. The upstream deposits show a decrease in fluorine content 
with increasing flow rate, as expected from chapter 2. At ~20cm. there 
is a rise in the proportion of C-CF content coupled with a slight 
decrease in CF2 and CF3 content. This effect was noted when the 
power was altered (see table 3.1), and appears to occur at roughly the 
same distance from the inlet regardless of power and flow rate. 
Figure 3.7 illustrates both the decrease in fluorine to carbon ratio 
with increasing flow rate and the slight dip at about 20cm. The rise in 
the proportion of CF2 in the polymers with increasing distance from 
the inlet is hardly noticable at the lowest flow rates, and much more 
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Distance 
from % of CiQ Area Contact 
Inlet 
C H C-CF C F CF2 CF3 CF2 
CF3 
Angles 
H2O CH2I2 
low power. 0.3 ml/min flow rate 
15 cm 1.7 14.9 24.6 31.3 27.5 1.14 107 89 
20 cm 3.1 16.2 23.5 31.2 26.0 1.20 112 89 
31 cm 1.4 14.7 24.1 32.7 27.1 1.20 86 
40 cm * * * * * 1.52 * 84 
low power. 0.5 ml/min flow rate 
14 cm 2.3 17.5 29.4 27.9 22.9 1.22 112 75 
20 cm 2.6 19.1 29.0 27.6 21.7 1.27 114 79 
29 cm 6.0 16.0 21.9 32.7 23.4 1.40 118 83 
38 cm If » * * * 2.37 » 90 
low power. 0.8 ml/min flow rate 
12 cm 2.7 19.4 30.2 26.5 21.2 1.25 108 78 
19 cm 3.0 21.3 29.5 26.3 19.9 1.32 110 77 
28 cm 5.2 18.4 25.5 29.8 21.1 1.41 117 84 
37 cm • * * If * 2.05 * 87 
Table 3.2 Plasma polymers of perfluorohexane, effect of 
flow rate and position in reactor 
Pi 
U 
1.8 
1.7i 
1.6 
1.5 i 
1.4 
• D 
• 
• 0.34 
• 0.5 
n 0.79 
• 
• 
D Flow Rate 
(ml/min) 
D 
B 
10 20 30 
Distance from Inlet (cm) 
40 
Figure 3.7 Stoichiometry of polymers as a function of 
flow rate and position in reactor 
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Figure 3.8 Surface energies of perfluorohexane plasma polymers 
as a fvmction of flow rate and position in reactor 
22 
§ 
•55 
I 
CD 
• 0.34 
• 0.5 
B 0.79 
Flow Rates 
(ml/min) 
Distance along Reactor (cm) 
W 
pronounced at higher flow rates. According to Yasuda's equation -p-
(see chapter 1) low flow rates are equivalent to high powers, and at 
high powers the deposits had similar chemical compositions 
throughout the reactor. However at 10 W power the glow region did 
not extend throughout the reactor and some change in the character of 
the polymers even at low flow rates was expected on going from the 
glow to the non-glow region. The differences in terms of chemical 
composition and surface energy between polymers formed at the 
higher flow rates are not as marked as the change on going to the low 
flow rate. 
Figure 3.8 shows the surface energies calculated for polymers 
which were stable to contact with water. The low flow rate deposits 
demonstrating surface energies close to the 30 W plasma polymers, and 
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the higher flow rate deposits are similar to each other in terms of 
surface energy. 
3.3.2 Deposition of Hexafluoropropene in the non-glow region 
The deposition of hexafluoropropene at two different powers in 
reactor one is shown in table 3.3. The upstream deposits show the same 
dependence upon power for the chemical character of the polymer that 
was determined in chapter 2. At high powers, there is a larger CF2 
content in the polymer than at lower powers, the low power plasma 
polymers having a predominance of C F groups. The 30 W plasma 
polymers had a very uniform composition throughout the reactor, the 
glow region filling the whole vessel. This result is at variance with the 
15 W polymers which show change in chemical nature within the 
glow region itself (this extended to 20 cm). The CF2 content of the 
polymers formed at 15 W power show a large increase along the length 
Distance 
from % of CiQ Area Contact 
Inlet Angles 
C H C-CF C F CF2 CF3 CF2 
CF3 H2O CH2I2 
15W power. 0.5 ml/min flow rate 
9 cm 2.8 22.7 27.4 22.8 22.3 1.02 113 * 
19 cm 2.7 19.8 23.5 32.1 22.0 1.46 114 * 
28 cm 1.8 16.0 21.3 39.3 21.7 1.81 118 * 
30W power. 0.5 ml/min flow rate 
10 cm 2.3 15.1 27.9 30.3 24.4 1.24 109 93 
19 cm 1.6 15.1 28.8 30.2 24.3 1.24 110 93 
29 cm 1.7 15.0 28.1 30.6 24.6 1.24 113 96 
37 cm 1.7 15.1 27.5 31.1 24.7 1.26 113 93 
Table 3.3 Hexafluoropropene plasma polymers, effect 
of power and position in reactor 
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Figure 3.9 Stoichiometry of hexafluoropropene plasma polymers 
of the reactor. The substrate at 28 cm. collecting a deposit with a larger 
proportion of CF2 than any of the perfluorohexane plasma polymers at 
a comparable distance. The initial rise in CF2 content within the glow 
region could be due to a change from the deposition process which 
occurs at low power to a process similar to that which occurs at high 
power, after substantial fragmentation or excitation of the monomer 
has occured. This is indicated by the deposit collected at 19 cm. under 
15W power being closer to the 30 W polymers in structure and 
stoichiometry. The subsequent rise in the CF2 intensity in the non-
glow region would then be caused by a similar process to that occuring 
in the case of perfluorohexane. The structure of the deposits being 
typical of the polymer forming species exiting the glow region. Figure 
3.9 shows the difference in fluorine incorporation at different powers 
and deposition sites in the reaction vessel. Unlike the perfluorohexane 
polymers which all followed a similar pattern of deposition 
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throughout the reactor, here there are clearly two differing processes at 
high and low power (see chapter 2). 
The contact angles w i t h diiodomethane were not measured for 
the 15 W plasma polymer. It was not possible therefore, to make an 
estimate of the surface energies of these samples. The surface energies 
of the 30 W samples are all between 11 and 12 dyn /cm, similar to the 30 
W perfluorohexane plasma polymers. 
3.3.3 Polymer Deposition in an Earthed Cage 
Plasma p o l y m e r i s a t i o n of bo th per f luorohexane and 
hexafluoropropene was carried out i n reactor 2 (see figure 3.2). The 
earthing lead f r o m the cage was attached internally to an earthed cajon 
joint at the outlet end of the reactor. The presence of this lead affected 
the pumping rate by occluding the outlet, wi th the result that f low rates 
were d i f f i cu l t to set precisely. The formation of f i lms wi th in the cage 
was slow due to low deposition rates and the polymers collected wi thin 
the cage were often unstable to contact wi th water (as were some of the 
d o w n s t r e a m deposi ts f o r m e d i n the p rev ious sections). 
Perfluorohexane plasma polymers are summarised i n table 3.4, and 
hexafluoropropene plasma polymers in table 3.5. 
I n all cases, deposition wi th in the cage resulted in a substantial 
increase i n the CF2 to CF3 ratio. No underlying trend for the deposition 
of polymers w i t h a high CF2 content wi th in the cage in terms of power 
and f l o w rate could be found f r o m these results however. It can be 
noted that deposition rate i n the cage using perfluorohexane is 
dependent upon high powers. Optimal conditions seem to exist for the 
production of these relatively unbranched polymers. In the case of 
perfluorohexane at 15 W power and 0.5 m l / m i n f low rate a very high 
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Position 
i n % of C i c Area Contact 
reactor 
C H C-CF CF CF2 CF3 CF2 
CF3 
Angles 
H2O CH2I2 
10 W, 0.2 m l / m i n 
Plasma 2.5 14.1 22.2 33.2 25.4 1.31 lt' 
Cage * * n * * 1.82 
10 W, 0.5 m l / m i n 
Plasma 1.9 16.2 26.3 30.8 24.8 1.24 
Cage * » * * * 1.97 » It-
15 W, 0.5 m l / m i n 
Plasma 3.3 17.6 22.6 29.9 25.3 1.18 106 78 
Cage 0.0 6.6 8.0 72.9 12.5 5.83 * 75 
20 W, 0.5 m l / m i n 
Plasma 2.4 17.9 28.1 26.9 24.7 1.09 111 85 
Cage 1.5 16.2 21.3 38.8 22.2 1.75 * 82 
20 W, 1.0 m l / m i n 
Plasma 1.3 19.0 29.1 27.8 21.5 1.29 114 88 
Cage 2.0 17.8 24.0 30.9 24.0 1.29 l i - 92 
Table 3.4 Perfluorohexane plasma polymers formed in 
the glow region and wi th in a faraday cage 
Position 
i n % of Cis Area Contact 
reactor Angles 
C H C-CF CF CF2 CF3 CF2 
CF3 H2O CH2I2 
10 W, 0.3 m l / m i n 
Plasma 2.6 12.1 26.4 33.0 24.9 1.32 106 
Cage 1.1 11.8 24.8 36.6 24.4 1.50 108 * 
10 W, 0.5 m l / m i n 
Plasma 1.9 18.5 28.7 27.3 23.6 1.15 107 72 
Cage * * * * * 1.90 * 79 
15 W, 0.5 m l / m i n 
Plasma 3.6 22.0 28.1 24.4 22.3 1.08 106 65 
Cage * » * * * 1.97 * 75 
20 W, 0.6 m l / m i n 
Plasma 2.5 14.0 27.9 28.6 23.2 1.23 110 87 
Cage 0.0 11.7 21.2 41.6 24.2 1.71 » 90 
Table 3.5 Hexafluoropropene plasma polymers formed 
in the glow region and within a faraday cage 
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295 290 
Binding Energy (eV) 
Figure 3.10 Polymer from faraday cage, perfluorohexane 
plasma 15 W 
incorporation of CF2 units was observed, the Cis spectrum is shown in 
figure 3.10. The polymers formed within the faraday cage were all, wi th 
one exception unstable to contact w i th water, and so surface energy 
comparisons could not be made. 
Figures 3.11 to 3.14 demonstrates the changes in the CiS spectra 
of f i lms after contact w i t h water for one minute. Both plasma and 
faraday cage deposits of a perfluorohexane 20 W, 1.0 m l / m i n plasma 
were immersed in distilled water, dried and analysed by XPS. Both 
samples were shown to contain oxygen fol lowing wetting, (visible as a 
peak in the Ois XPS region) the change to the plasma polymer being 
much less marked than the change in the faraday cage deposit. A 
comparison of elemental peak areas (wi th appropriate sensitivity 
factors) indicated that the stoichiometry of the plasma polymer 
changed f rom CF1.49 to CF1.47O0.03/ while the faraday cage deposit 
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Mg Ka3,4 
X-Ray Satellite 
295 290 285 
Binding Energy (eV) 
Figure 3.11 XPS CIS spectrum of plasma region perfluoro-
hexane deposit at 20 W power 
295 290 285 
Binding Energy (eV) 
Figure 3.12 As above, immersed in water for one minute 
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295 290 285 
Binding Energy (eV) 
Figure 3.13 XPS CIS spectrum of faraday cage perfluoro-
hexane deposit at 20 W power 
295 290 285 
Binding Energy (eV) 
Figure 3.14 As above, immersed in water for one minute 
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changed f r o m CFi.58 to CFi.3200.12- The increase in the low binding 
energy components of the CiS XPS region is more dramatic for the 
sample f r o m the cage, but a meaningful peak f i t was not possible for 
this sample due to the numerous possible carbon environments. Very 
thin cage samples w i t h visible AI2P peaks were treated wi th water and 
no intensity change occured in the a luminium peak. This indicates 
that there is no change i n the thickness of the f i l m , and the 
phenomenon occurs either as a reaction at the surface of the f i l m , or 
migrat ion of oxygen containing hydrocarbon material to the surface. 
Some deposits f r o m the cage were washed in perfluorohexane, which 
r emoved the po lymer f r o m the a l u m i n i u m substrate. The 
fluorocarbon material was probably then of a l o w molecular weight 
and soluble i n this l iquid . None of the plasma region substrates were 
affected by washing in perfluorohexane. Cross l inking of the plasma 
polymerised material renders i t insoluble in perfluorohexane; this 
cross l inking does not occur during non glow deposition possibly as a 
result of negligable ion bombardment during deposition (see chapter 2). 
3.4 Discussion 
I n general i t was found that material deposited in the down-
stream non-glow region of a perfluorocarbon plasma contained a large 
amount of f luorine, and that the predominant group in such deposits 
was the CF2 group. These and other results^"'^ suggest that the structure 
and to an extent the stoichiometry of the monomer does not affect the 
occurance of this phenomenon. Therefore certain polymer forming 
species which are produced in all perfluorocarbon plasmas must be 
responsible for these deposits. The gas phase downstream of the plasma 
contains only material which was not deposited w i t h i n the plasma 
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region, in most cases the plasma polymer has a lower F:C ratio than the 
monomer and i t follows that the spent gases w i l l have an higher F:C 
ratio than the monomer. Material collected in this region w i l l reflect 
this. 
The p roduc t ion of CF2 radicals and radical cations i n a 
perfluorobenzene plasma has been noted previously by optical 
emission spectroscopy^. Mass analysis^ of perfluorobenzene plasmas 
confirm the presence of these species along wi th such products as CF3 
radicals and tetrafluoroethylene. CF radicals are not prominent in the 
mass spectrum of a perfluorobenzene plasma, which could be due 
either to a low concentration or to a short lifetime. The presence of CF 
radicals i n relatively high concentrations in perfluorocarbon plasmas^O 
has been noted however, and therefore this species probably has a short 
lifetime. The CF radical w i l l tend to react w i th fluorine radicals to form 
difluorocarbene species^ ^  which have good stability. 
CF + F + M CF2 + M 
The production of CFx radicals results f r o m electron impact 
induced dissociations, these are shown below wi th the energy required 
for each bond cleavage^^ ^ ^an be seen that fol lowing dissociation, the 
most stable radical species in this series is the CF2 moiety. 
CF4 + e ^ CF3 + F + e 5.6 eV 
CF3 + e ^ CF2 + F + e 2.2 eV 
CF2 + e ^ CF + F + e 6.1 eV 
CF + e ^ C + F + e 5.2 eV 
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CF2 radicals combine to f o r m tetrafluoroethylene and per-
fluorocyclopropane which are readily polymerisable^^. 
2CF2 ^ C2F4 
CF2 + C2F4 ^ cydo-C3F6 
CF3 and F radicals are probably present in the non glow region, 
but cannot be considered polymer fo rming species, although their 
involvment in modi fy ing and etching the growing f i l m should not be 
discounted. Sputtering and cross l inking of the f i l m by ion impact w i l l 
be negligable beyond the plasma region; free electrons w i l l be rare and 
their energies insuff ic ient to produce ionisation. Photons in the 
ultraviolet and vacuum ultraviolet regions are emitted f rom the glow 
region and electromagnetic radiation of this energy is able to cause 
electronic excitation i n molecules and therefore could be important in 
gas phase reactions. The results in section 3.3.1 indicate that the longest 
l ived polymer forming species have a (CF2)n structure. Functionalities 
other than CF2 become rarer further f rom the plasma region and may 
be fo rmed by action of chemical etchants on the growing f i l m , 
condensation of relatively large molecules produced in the plasma 
region or reaction w i t h species such as CF radicals. The latter two 
processes w o u l d be expected to give the steady increase of CF2 
concentration away f r o m the plasma region that was observed, though 
all three processes may contribute to the presence of CF and C-CF 
functionalit ies. 
The instability of many of these f i lms to water was unusual for 
plasma polymers, the fi lms changed f rom being highly hydrophobic to 
being hydrophilic wi th in a matter of seconds. A possible explanation is 
that some reaction is occuring at the polymer-l iquid interface. Such 
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phenomena has been observed i n plasma po lymer i s ed 
per f luoropyr id ine , and was attributed to surface hydrolysis^^. I f 
reaction occured between trapped free radicals i n the f i l m and water, 
highly fluorinated alcohols would be produced. The presence of such 
groups enhancing the hydrophilicity of the surface, very high and very 
l o w contact angles possibly being due to surface roughness in 
accordance w i t h Wenzel's law^^. However, i f such radicals were 
present, some reaction -with atmospheric oxygen on transport to the 
XPS analyser wou ld be expected. A more likely explanation may be that 
hydrophi l ic contaminants present on the aluminium surface migrate 
through the f luorocarbon material and express themselves at the 
surface, drastically increasing the apparent surface energy. This would 
also account for the XPS results obtained in f igure 3.14 were an 
enhancement of lower binding energy carbon is evident. 
3.5 Conclusion 
Two perfluorocarbon monomers were plasma polymerised, and 
a study of the nature of the polymer at different sites in the reactor was 
carried out. In both cases, despite the difference i n structure of the 
monomers the deposit i n the non glow region showed an enhanced 
content of CF2 groups, indicating that the composition of the polymer 
i n this region was more linear than i n the plasma region. 
Perfluorohexane deposits were studied in detail and i t was found that 
downstream of the plasma region the proportion of carbons wi th two 
f luor ine atoms directly attached increased w i t h distance f r o m the 
plasma region. The removal of some of these fi lms by washing wi th 
perfluorohexane indicates that they are soluble i n this l iqu id and 
therefore probably of a relatively low molecular mass. The structure of 
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the downstream deposits suggests that the most stable polymer 
forming species produced wi th in a perfluorocarbon plasma are (CF2)n 
species. 
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Chapter 4 
Plasma and Vacuum Ultraviolet 
Oxidation of Polyethylene, 
Polystyrene and PEEK 
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4.1 Introduction 
Contro l led surface oxidat ion of polymers is an area of 
considerable scientific importance w i t h regard to improving their 
wettabili ty, printabil i ty and adhesion^. Many different processes have 
been used to acheive surface oxidation including hot pressing against 
a lumin ium f o i l ^ , flame treatment^, electrical corona discharge'^, glow 
discharge i n oxygen^, remote plasma treatment^, surface ozonation^ 
and photo-oxidation^. Oxidation is most severe at the surface of the 
polymer therefore an understanding of the surface chemistry is crucial. 
Ultraviolet and plasma oxidation of polymers are known to 
generate a variety of surface species^'^. Precise mechanistic details are, 
however, a matter of much debate. In this chapter, the plasma and UV 
oxidation of polyethylene, polystyrene and poly (ether ether ketone) 
(PEEK) are compared (see f igure 4.1). The role of d i f ferent 
functionali t ies 
- -CH2 CH2--
Polyethylene 
CH-
Polystyrene 
PEEK 
Figure 4.1 Repeat units of polymers used in chapter 4 
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present i n the polymers is examined in the production of an oxidised 
surface.- I n addition to oxygen, carbon dioxide and nitrous oxide are 
used as oxidising atmospheres. 
4.2 Experimental 
A l l reactions were carried out in the reactor shown in figure 4.2. 
Glow discharge treatments were carried out in the right hand side of 
the reactor. For glow discharge modifications, the reactant gases were 
introduced at a constant f l ow rate of 1.1 m l / m i n , and a power of lOW 
was used for three minutes. Longer treatments under these conditions 
produced no further changes (as shown by XPS) in the polymer surface. 
For photo-oxidation the polymer was placed in the left hand side 
of the reactor which was isolated f rom the right hand side by a l i thium 
fluoride window. Both sides were evacuated to a pressure of better than 
5 X 10"2 Torr. A nitrogen glow discharge (50W, 1.1 m l / m i n ) was struck 
Polymer 
Inlet 
i 
V i t o n 
•O" Rings 
Inlet 
I 
i 
Rotary 
Pump 
LiF 
W i n d o w Rotary 
Pump 
Figure 4.2 Schematic of reactor used in chapter 4 
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i n the right hand side to generate ultraviolet radiation, the LiF window 
being transparent to the strongest lines at 174 and 149 nm. The left 
hand side contained the polymer to be modif ied under 25 Torr of 
oxidising gas. One hour exposures were found to yield constant XPS 
features. 
I n the absence of any fo rm of excitation, none of the materials 
examined in this study were found to react wi th any of the gases. 
Research grade oxygen, nitrogen, nitrous oxide and carbon 
dioxide were supplied by BOC. The low density polyethylene (LDPE), 
polystyrene and poly(ether ether ketone) (PEEK) were carefully washed 
w i t h isopropyl alcohol and dried i n air which was found to give a 
contaminant free surface (by XPS). 
XPS spectra were acquired on the equipment described in chapter 
2, take off angles of 30° and 70° were used, giving effective sampling 
depths of 35A for Cis and 25A for Ois electrons at the lower angle and 
I5A and lOA respectively at the higher angle^^. Detailed chemical 
information about the modif ied polymer surfaces was obtained by peak 
Assignment Possible environments Binding Energy 
C-H C-CH2-C, C-CH=C, etc. 285.0 eV 
C-CO2- C-CH2-COO-C-, C-CH2-CO2H etc. 285.7 eV 
C-O C-CH2-OH, C-CH2-0-C0-C, etc. 286.6 eV 
c=o C-CO-C, H-CO-C, C-OCH(OH)-C, etc. 287.9 eV 
o-c=o C-CO-O-C, C-C02H, HCO-O-C, etc. 289.0 eV 
-o-co-o- (Carbonate groups) 290.4 eV 
Table 4.1 Typical Cis Binding energies of oxygen containing 
structural features 
A. G. Shard Plasma Assisted Thin Film Formation Page 1 03 
f i t t ing the CIS envelope to a range of carbon functionalities. Table 4.1 
summarises the chemical shifts used during the deconvolutions^. A 
typical peak f i t is shown i n f igure 4.3. Polystyrene and PEEK 
demonstrated a distinctive satellite to the main peak at -291.6 eV, 
which is associated w i t h low energy n-^n* shake up transitions i n the 
aryl rings that accompany core level ionisationl 1. Instrumental ly 
determined sensitivity factors are such that for unit stoichiometry, the 
Cls:Ois intensity ratio is -0.55. By taking into account that the oxygen 
core level intensity and the deconvoluted carbon core level envelope 
are products of the actual groups present i n the surface, an approximate 
idea of w h i c h functionalities make up the surface can be gained (e.g. 
carboxylic acids versus esters, alcohols versus ethers). 
4.3 Results and Discussion 
4.3.1 Polyethylene 
The results of experiments carried out on polyethylene are 
tabulated below, the f i rs t column shows the percent loss i n the 
hydrocarbon CIS peak area to other, more oxidised functionalities. The 
second column shows the ratio of oxygen atoms (O, f rom the Ois peak 
area) to oxidised carbon atoms (Z(CO) = A(C-H), f rom the Cis peak 
area, subtracting any contribution f r o m hydrocarbon environments). 
This ratio gives, for example, values of 2 for a surface containing only 
carboxylic acid groups, and 0.5 for a surface w i t h only ether groups 
present. The distribution of oxidised carbon functionalities is given i n 
the remaining columns (wi th Z(CO) = 100%). The comparison of C i s 
and Ois data i n this manner relies on some vertical homogeneity of 
the sample since these core levels produce electrons w i t h d i f fer ing 
mean free paths (see section 4.2). 
Exposure to an oxygen plasma was found to yield highly oxidised 
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Z(C,0) 
Treatment A(C-H) 0:I(C,0) c-o c=o oc=o o c a o 
02/Plasma 8 1.25 64 12 24 0 
O2/UV 19 0.90 44 30 26 0 
C02/Plasma 14 0.86 44 19 31 6 
CO2/UV 15 0.80 59 18 23 0 
Table 4.2 Results of oxidation reactions on polyethylene 
functionalities at the LDPE surface, since the large Ois peak (compared 
w i t h the amount of oxidised carbon) indicates that carboxylic acid and 
alcohol groups rather than ester and ether linkages are present. A large 
0-c=o 
-c=o 
- C - C O 2 
-C-o 
292 290 288 286 284 282 
BINDING ENERGY (eV) 
Figure 4.3 Peak f i t of CiS XPS spectrum for oxygen 
plasma modified polyethylene 
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amount of polyethylene remained unoxidised in this case, suggesting 
that there is significant ablation of the surface via sputtering and the 
desorption of gaseous products (for example CO2 and H2O), resulting 
i n a continual unmasking of fresh LDPE. These observations are 
consistent w i t h previous reports where the effects of glow discharge 
oxidation have been confined to the uppermost monolayers^. 
The other treatments, involving carbon dioxide and/or vacuum 
ultraviolet irradiation lead to more oxidised carbon atoms present at 
the surface w i t h a tendency for ethers and esters to form, shown by a 
compar i t i ve ly lower 0:Z(C_,0) ratio than the oxygen plasma 
experiment. The presence of more varied carbon-oxygen moieties in 
the CO2 g low discharge^ 2 results in the creation of more ester and 
carbonate species than detected for ultraviolet modification wi th the 
same gas; the predominance of different reactant species f rom the 
differ ing modes of excitation being the most likely cause of this. 
Previous workers'^ have photo-oxidised polyethylene at longer 
wavelengths (254 nm) under an oxygen atmosphere. The l imi t ing 
values for the functional groups produced were 42:16:42 for the groups 
C-O : C = 0 : 0 - C = 0 and an 0:E(C,0) of 0.90. Thus in this experiment 
(using higher frequencies) there is a tendency to favour carbonyl group 
formation rather than carboxyl groups. 
A comparison of the oxygen and carbon dioxide ultraviolet 
experiments shows that under an oxygen atmosphere the formation of 
carbonyl groups is much more dominant than in a carbon dioxide 
atmosphere (where the production of ether linkages seems to be the 
main reaction). These observations can be explained on the fol lowing 
basis: 
Photo-oxidation of polyethylene is mainly initiated by^^^ 
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P-H + hv > P- + H-
Hydroperoxides intermediates are generated in the presence of 
molecular oxygenic, these may then decompose to form ketones^^'^^. 
p. + 02 > P-OO-
P-H + P-OO > P- + P-OO-H 
P-OO-H + hv > ketones (+ esters) 
However, the reaction wi th CO2 can be envisaged as: 
P- + CO2 <=> P-C02- > esters + acids 
But there w i l l also be photodissociation of CO2: 
C02 + hv > CO + [O] 
I t has been i l l u s t r a t ed p rev ious ly th rough oxygen uptake 
measurements that the photo-oxidative process is controlled at low 
pressure by the availability of oxygen and at high pressure by the 
number of reactive centres produced in the polymer ia . The carbon 
dioxide atmosphere is less oxidising than the oxygen atmosphere, 
making intermolecular reaction more likely; 
2P- (dose proximity) + [O] > PO- + P- ^ POP (ether) 
I n many ways both the plasma and ultraviolet carbon dioxide 
treatments result i n almost identical functionalisation. This similarity 
suggests that the main oxidation processes occuring in both cases are 
the same. The more highly oxidised moieties (especially the presence of 
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carbonate groups) produced in the plasma modif icat ion may be 
attributed to its more vigorous nature, and the formation of a greater 
concentration of free radicals in association wi th excited CO2 spedes. 
4.3.2 Polystyrene 
Polystyrene consists of an alkyl chain polymeric backbone wi th 
pendant phenyl rings on alternate carbon atoms. There are two peaks 
observed in the Cis region of the XPS spectrum for clean polystyrene; 
an hydrocarbon component (285 eV, 94% of total C i s signal and a 
shake up satellite due to the 7t->7i* transition (-291.6 eV, 6%). The size 
5XC,0) 
Treatment (C-H) 7l-»7U* 0:Z(C,0) C-O c=o o-c=o o-coo 
untreated 94.0 6.0 * * * * * 
02/Plasma 62.4 3.1 0.87 38 27 26 9 
(70°) (46.6) (1.8) (0.87) (37) (26) (27) (10) 
O2/UV 65.1 0.8 1.11 31 27 37 5 
(70°) (57.5) (1.4) (0.97) (22) (31) (38) (9) 
C02/Plasma 63.2 3.1 0.97 41 22 28 9 
(70°) (58.1) (2.3) (1.01) (34) (26) (31) (9) 
CO2/UV 68.1 1.6 1.31 37 24 33 6 
(70°) (56.9) (1.4) (1.20) (37) (26) (32) (5) 
N2O/UV 87.8 4.2 0.88 84 16 0 0 
(70°) (85.4) (4.4) (0.75) (80) (20) (0) (0) 
Table 4.3 Results of oxidation reactions on polystyrene 
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of this peak can be used as a measure of the retention of aromatic 
groups at the surface of the polymer after modification. Table 4.3 
summarizes the results of plasma and ultraviolet experiments under 
various gases on polystyrene. XPS measurements at 70° have a higher 
surface sensitivity than the 30° results and can be used to examine how 
far the oxidation extends into the bulk. 
Surface modification of polystyrene by a glow discharge yields a 
broad range of oxidised functionalities. Oxygen atoms w i t h i n the 
plasma may be responsible for the large number of C-O groups, 
a l though peroxide groups ( f r o m oxygen molecules) could be 
responsible for some contribution to the C-O intensity. A relatively 
significant proportion of carbonate groups can be taken as an indication 
of the vigorous nature of the glow discharge treatment. A t lower 
powers (O.IW) a diminished degree of surface ablation through 
sputtering leads to even more carbonate at the surface^. I t should be 
noted that during plasma treatment the surface is continually renewed 
by the evolut ion of small volati le molecules^ 8^  which confines 
oxidation mainly to the topmost layers. This can be seen by the smaller 
hyd roca rbon component at 70° take off angle. The relative 
concentration of the various oxidised carbons remains essentially 
unaltered at both take off angles indicating that the oxidised species are 
at the surface of the polymer. The drop in the shake up component on 
going to an higher take off angle shows that there is a dramatic loss of 
unsaturated phenyl groups near the surface. Plasma oxidation of poly 
(p-xylylene) - [ -CH2-Ph-CH2- ] - (which is structuraly related to 
polystyrene) under similar conditions^ 9^  results in a surface very 
similar to the one produced in these experiments. The structural 
components of the polymer being oxidised appear to be very important 
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i n determining the functionalities produced at the surface fo l lowing 
plasma or U V treatment. 
Polystyrene undergoes extensive oxidation when excited wi th 
ultraviolet l ight in the presence of oxygen^O. JYIQ nature of the changes 
induced at the polymer surface can differ f r o m that i n the solid. 
Oxidat ion of bulk polymer is highly dependent upon di f fus ion of 
oxygen in to the p o l y m e r ^ l , whils t the surface is exposed to an 
abundant oxygen supply. I t should be expected therefore that the 
mechanism of photo-oxidation and the f inal products formed in the 
two cases are different. A t wavelengths shorter than 290 nm it has been 
postulated that photo-oxidative attack arises f r o m excitation of the 
phenyl ring22 to f o r m either a charge-transfer complex between the 
phenyl rings and molecular oxygen^S or a peroxy intermediate^^. In 
experiments using vacuum ultraviolet (X < 200nm), it is also possible 
for excitation of the alkane backbone to occur^S. i n addition the 
fo l lowing photoexdtations in the gas phase may also be occuring^^: 
02(x3Zg) > 02(A3Z|^ ) 250-300 nm 
02(X35:' ) > 02(B3I" ) 175-200 nm 
02(x3Zg) > 0(3P) + 0(3P) < 242 nm 
02(X3E" ) > 0(3p) + 0(1D) <175 nm 
Examination of the T C - > 7i* shake up satellite reveals that upon 
exposure of polystyrene to vacuum ultraviolet radiation under a pure 
oxygen atmosphere, an enhanced attack on the phenyl r ing occurs 
compared to irradiation at longer wavelengths24,27 Benzene is not 
detected as a product of photo-oxidation^O, therefore the loss in shake 
up intensity cannot be rationalised as a photolytic cleavage of phenyl 
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groups f r o m the polymer backbone and must be attributed to loss of 
aromaticity by the formation of bonds to the ring carbon atoms. There 
is a concomitant decrease in the amount of carbon not directly bonded 
to oxygen and a rise in C-O, C = 0 and 0 - C = 0 functionalities. The extent 
of oxidative functionalisation and loss of shake up structure are 
indicative of oxidation of the aromatic rings. 
A comparison of results f r o m two take off angles shows that 
there is some change in composition wi th depth, oxidation occuring to 
some extent i n the subsurface of the polymer and not just at the 
surface. A t an h igh take off angle there is, as expected, a smaller 
contribution f r o m the C - H component showing a larger degree of 
oxidat ion at the surface. W i t h i n experimental error there is l i t t le 
change in the shake up intensity, indicating that loss of aromaticity can 
occur at some depth wi th in polystyrene under these conditions. There 
is a striking change in the relative concentrations of various oxidised 
groups w i t h depth; the surface is composed mainly of carboxylate 
(mostly ester groups, given the 0 :Z(C,0 ) ratio) and carbon atoms 
doubly bound to oxygen. W i t h increasing depth, there is a rise in 
carbon atoms singly bound to oxygen and a slight drop in doubly bound 
atoms, but the relative concentration of carboxyl groups remains the 
same. The surface also appears to be richer in carbonate groups, 
demonstrating the high availability of oxygen at the surface. This 
contrasts w i t h the oxygen plasma treatment where the oxidation 
appears to be confined to the outermost layers. Given that the glow 
discharge processes w i l l also result in vacuum ultraviolet photo-
oxidation of the polymer, these results demonstrate the degree to 
which surface ablation occurs during plasma treatment, although the 
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Figure 4.4 Scheme for some of the possible reactions occuring in 
the surface of polystyrene during photo-oxidation (ref. 28) 
shorter experimental t ime may also have an influence i f bulk 
oxidation is occuring. 
Of particular note is the large proportion of oxidised carbon 
atoms as carboxylate groups, and the relative concentration of them 
throughout the surface and subsurface. I t is probable that these groups 
are formed mainly through oxidation of the phenyl rings, see figure 
4.428, Formation of carboxyl groups f r o m the polymer backbone is 
l ikely to result i n sdssion of the polymeric chain; i f such reactions were 
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common there would be a production of light molecules which would 
volatilise under the vacuum conditions used for XPS. 
Both treatments invo lv ing carbon dioxide exhibit a greater 
oxygen and C-O content than their corresponding oxygen treatments. 
One possible explanation for this is that there is enhanced reactivity at 
the gas/polymer interface to produce: 
CO2 > CO + O 
Since in the gas phase^^; 
CO2 > CO + 0(3P) < 227 nm 
CO2 > CO + 0 ( l D ) < 167 nm 
Carbon monoxide wou ld wou ld be unlikely to participate in further 
reactions, whilst atomic oxygen reacts w i t h the polymer substrate. As 
w i t h polyethylene, there could be direct incorporation of CO2 into the 
excited surface to produce carboxylate functionalities but photo-
oxidation under oxygen seems to be more efficient at producing such 
groups. 
Both carbon d iox ide treatments appear to reduce the 
hydrocarbon components of the CiS spectra by similar amounts, and 
the range of oxidised components fo l lowing treatment correspond 
wel l . The similarity between the two CiS deconvolutions is superficial 
however, because the larger oxygen content fo l lowing the ultraviolet 
experiment points to mainly alcohol and acid groups whereas the 
plasma treatment produces more ether and ester groups. Upon 
changing the electron take off angle there is little change in the carbon 
d ioxide photo-oxidised polystyrene except fo r a drop i n the 
hydrocarbon component indicating that oxidation is confined mainly 
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to the surface. The plasma treated polystyrene shows an increase in the 
more oxidised functionalities at the surface, but the small drop in 
hydrocarbon content at higher take off angle coupled w i t h the change 
in oxidised functionalities suggests that oxidation extends some way 
beneath the surface. These results point to carbon dioxide plasmas 
having a lower level of ablation than oxygen plasmas. Enhanced etch 
rate of polymers i n oxygen plasmas has been shown to result f rom the 
high reactivity of neutral oxygen w i t h excited sites produced by other 
processes, such as ion bombardment and U V activation^^. xhe 
confinement of oxidation to the surface in the carbon dioxide photo-
oxidat ion experiment is at odds w i t h the oxygen results, where 
oxidat ion occurs to some depth using similar excitation. This is 
possibly due to a lack of oxidising species being available wi th in the 
subsurface, as neutral carbon dioxide is unreactive compared to oxygen. 
Further evidence for the preferential incorporation of atomic 
oxygen into the polymer surface as C-O bonds was found wi th nitrous 
oxide. N2O dissociates readily below 200 nm26 to form nitrogen and 
atomic oxygen: 
N2O > N2 + O 
On vacuum ultraviolet irradiation of polystyrene under nitrous 
oxide, there is exclusive incorporation of oxygen into the polymer 
surface; no N i s XPS signal was detectable indicating that no reaction 
occured between the po lymer and n i t rogen. The dominant 
functionality formed was carbon singly bound to oxygen, w i th doubly 
bound carbon being the only other carbon species. On comparing the 
0:C ratio of 0.07 ± O.Ol wi th a decrease of approximately 8% in the non-
oxidised carbon atoms, it can be concluded that this treatment results in 
mainly alcohol groups being formed rather than ether linkages. These 
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results contrast w i t h the other photo-oxidation treatments where a 
variety of oxidised surface groups have been observed. The process 
occuring can be envisaged as a reaction between atomic oxygen and 
excited polystyrene centres to produce C-O linkages. Then a reaction 
w i t h stray hydrogen radicals, or neighbouring carbon-hydrogen bonds 
to produce alcohol groups. There is a small loss in shake up intensity, 
but hardly as substantial as the other photo-oxidation experiments, 
possibly indicating that alcohol formation occurs by reaction w i t h 
radicals formed on the polymeric backbone. The most likely site for this 
is at tertiary carbon atoms as these radicals w i l l be stabilised by the 
phenyl r ing (see figure 4.4). Results f rom different take off angles agree 
closely, suggesting that the modification produced extends at least to a 
depth of ~30A. The extent of reaction was far less than that observed for 
treatment w i t h oxygen and carbon dioxide under the same conditions. 
4.3.3 Poly(ether ether ketone) 
XPS analysis of dean PEEK shows three distinct peaks in the Cis 
region typical of hydrocarbon, carbon singly bound and carbon doubly 
bound to oxygen. The Ois region also has two peaks typical of oxygen 
i n an ether environment and oxygen in a carbonyl environment, in 
the ratio ether : carbonyl 69%:31% (theoretically 67%:33%). The 
deconvolution of the Cis envelope, see table 4.4, also agrees well wi th 
the theoretical values of (C-H); 70.4% (given a K-^K* contribution of 
4.3%), and the expected 80:20 ratio between carbons in ether and 
carbonyl environments. The 0:E(C,0) ratio should be 0.63 which is also 
in very good agreement wi th the experimentally determined value. 
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Z(C,0) 
Treatment (C-H) 7t->7t* 0:E(C,0) C-O c=o 0^=0 O C Q O 
untreated 72.5 4.3 0.65 84 16 0 0 
02/Plasma 60.5 2.4 1.00 46 26 25 3 
(70°) (49.9) (3.2) (0.96) (40) (27) (27) (6) 
O2 /UV 50.8 1.2 1.08 38 22 37 3 
(70°) (35.7) (1.0) (0.90) (31) (24) (44) (1) 
C02/Plasma 62.0 2.3 1.04 51 17 23 9 
(70°) (63.3) (2.4) (1.14) (45) (18) (28) (9) 
CO2/UV 55.6 2.1 1.02 50 19 26 5 
(70°) (47.4) (1.0) (0.87) (40) (26) (29) (5) 
N2O/UV 70.6 3.5 0.81 76 14 10 0 
(70°) (67.8) (1.7) (0.75) (71) (17) (12) (0) 
N2 /UV 77.4 3.1 0.77 84 16 0 0 
(70°) (77.1) (3.2) (0.71) (83) (17) (0) (0) 
Table 4.4 Results of oxidation reactions on PEEK 
The benzophenone unit in PEEK (see f igure Z . l ) is a strong 
chromophore, and can be expected to undergo a Norrish type-I 
processes, or an intermolecular hydrogen-atom abstraction process, see 
f igure 4.5. Thus, excitation of the polymer surface w i l l occur much 
more readily than w i t h either polystyrene or polyethylene. Table 4.4 
also shows the results of the modifications carried out on PEEK. Of 
note is the exposure of PEEK to the ultraviolet source under nitrogen. 
N o incorporation of nitrogen was found by XPS, and an increase in 
hydrocarbon intensity was found to occur, although the shake up peak 
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Norrish type-I Process 
I ^ II or 
O hv O 
Intermolecular hydrogen atom abstraction 
.AA/«C C C^'W vAA/'C C C^'VV .AA/«C C C^'W 
o hv ^ o P-H"^ O H 
+ P" 
Figure 4.5 Formation of radical centres in PEEK by 
excitation of the carbonyl chromophore 
decreased in intensity. The proportions of carbon doubly and carbon 
singly bound to oxygen remained constant, but the Ois signal increased 
in proportion to the amount of carbon bound to oxygen. This implies 
that there has been some replacement of ether groups w i t h alcohol 
groups. The actual ratio of carbon to oxygen remained constant at 
COo.15, suggesting that although some rearrangement had occured, any 
oxygen leaving the surface was equaled by the proportionate amount of 
carbon also leaving. 
Norrish type-I reactions occuring consecutively along the length 
of a polymer chain wou ld create volatile short chains which could 
leave the surface (into the gas phase or the bulk). The result of these 
reactions w o u l d be a slight decrease in the proportion of carbonyl 
groups to ether linkages. Intermolecular hydrogen abstraction occuring 
at the same time wou ld create alcohol groups f rom carbonyl groups, 
decreasing the proportion of carbonyl carbons seen by XPS. The overall 
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effect wou ld be a change f rom C = 0 functionalities to C-O groups, and 
some other process must be occuring to produce carbonyl 
functionali t ies. The increase i n the hydrocarbon intensity may be 
explained by recombination of phenyl radicals fo l lowing a Norrish 
type-I process. 
Direct photolytic cleavage of the ether carbon-oxygen bonds to 
create alcohol groups is consistant w i th both the constant 0:C ratio and 
the rise i n the hydrocarbon component of the Cis spectrum. The C-O : 
C = 0 ratio wou ld not remain constant unless conversion of carbonyl to 
alcohol (as described above) was occuring as well . I t has been shown30 
that cleavage of such bonds is one of the pr imary photochemical 
processes i n polysulphones, and i t seems likely that such a reaction is 
occuring here. The fa l l i n intensity of the shake up satellite is probably 
due to isomerisation of the phenyl rings to give fulvene and 
benzvalene type structures31 or cross l inking between excited aryl 
rings. 
Fo l lowing al l oxidat ion treatments, the 0 : i ; ( C , 0 ) ratio is 
approximately uni ty / i.e. there is one oxygen atom for every oxidised 
carbon atom. This implies that in the cases where there is a high level 
of carboxyl groups they exist mainly as ester groups; free acid 
functionalities contain two oxygen atoms to one carbon, so if they exist 
a corresponding number of ether links must also be present. 
Vacuum ultraviolet irradiation in the presence of oxygen gives a 
very similar surface to that found fo l lowing photo-oxidation at longer 
wavelengths (> 290 nm)32. There is little actual intensity change in the 
C-O component of the C i s spectrum f rom unmodified PEEK indicating 
that the ether cleavage occuring wi thout oxygen present is still in 
e q u i l i b r i u m w i t h alcohol format ion , or that i t is unimportant 
compared to other reactions occuring dur ing photo-oxidation. The 
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production of carboxylate groups is prominent during photo-oxidation, 
particularly at the surface. These groups are formed both by oxidation 
of the aryl rings as in polystyrene, and oxidation of the carbonyl group 
fo l lowing a Norrish type-I process. The production of carbonyl groups 
further to those already present is due mainly to oxidation of the aryl 
rings as in polystyrene. Shake up intensity is low throughout the XPS 
sampling depth, giving evidence of a loss in aromaticity to a depth of 
about 30A. This once again points to oxidation of the phenyl rings. 
The g low discharge treatment of PEEK in oxygen results in a 
lower oxidation of the PEEK surface, and a more prominent shake up 
satellite than after photo-oxidation. This is probably due to the ablation 
of material f r o m the surface dur ing plasma oxidation to reveal 
unmodif ied PEEK as in the case of polystyrene. A t 70° take off angle 
there is some decrease in the presence of carbon atoms singly bound to 
oxygen although this is still the dominant species. There is a large drop 
in the hydrocarbon component (as w i t h photo-oxidation) at high take 
off angle, indicating that most oxidation is confined to the surface. 
Carbon dioxide plasma treatment shows a similar contribution 
f r o m the hydrocarbon component at both take off angles which implies 
that modif ica t ion occurs to some depth beneath the surface. The 
surface shows more carboxylate groups and fewer singly bound carbons 
than the bulk, and fewer carbonyl groups than fo l lowing oxygen 
plasma treatment. The carbon dioxide photo-oxidat ion process 
produces an higher degree of oxidation, particularly at the surface, but 
the predominant group is sti l l carbon singly bound to oxygen. There 
seems to be l i t t le direct incorporation of carbon dioxide into the 
polymer to produce carboxylate functionalities, reaction w i t h oxygen 
species fo l lowing a degradation of CO2 to carbon monoxide and oxygen 
appears to be the main reaction, T I - ^ T C * shake up intensity is vir tually 
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identical for both processes at 30° take off angle, but at 70° the UV 
treated sample shows a drop in relative intensity of the satellite; attack 
on the aryl r ing being, i n this case, more severe at the polymer surface. 
Plasma modification does not show a drop in the integrity of aryl rings 
at the surface, the higher availibilty of reactive species in the subsurface 
possibly accounting for this difference. 
Fol lowing U V oxidation under a nitrous oxide atmosphere 
modif icat ion appears to be confined to the outermost layers of the 
polymer. There was no evidence for incorporation of nitrogen into the 
polymer by XPS (i.e. no peak visible in the Nis region). The results at 
30° take off angle are not substantially different to the results after the 
nitrogen-UV treatment. In particular, the K^K* intensity is roughly the 
same. A t 70° take off angle, this intensity has dropped markedly, which 
does not occur i n the N2-UV modificat ion. The implication is that 
some reaction is occuring between excited aryl rings and N2O (or 
atomic oxygen) at the surface of the PEEK, but not wi th in the bulk. 
The ratio of C-O : C.=0 intensities at 30° is the same as 
unmodif ied PEEK (i.e. 84:16), at 70° i t is roughly similar (81:19). The 
only other groups present are carboxylate functionalities, possibly 
produced by reaction of excited carbonyl groups w i t h nitrous oxide or 
atomic oxygen. From these results i t can be seen that atomic oxygen 
does not on its own play an important part in the oxidation of PEEK. 
The results f r o m the carbon dioxide treatment which demonstrated a 
greater degree of oxidation could arise f rom production of molecular 
oxygen in the gas phase: 
2C02 + hv > 2CO + O2 
The low partial pressure of oxygen fo l lowing this reaction wou ld 
produce a different result f r o m that fo l lowing treatment w i t h pure 
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oxygen, particularly as competing reactions w i l l occur between the 
surface and other spedes present in the plasma. 
4.4 Conclusion 
Surface modif ica t ion of polymer f i lms by g low discharge 
techniques can be model led by vacuum-UV methods. Plasma 
treatments often result i n competing etching/ablation processes which 
expose unreacted polymer. These reactions do not occur during U V 
irradiation where a greater depth of oxidation is often found to occur. 
The presence of aryl and carbonyl groups are found to enhance the 
reactivity of the polymer to oxidation, and a correlation between the 
generated oxidised functionalities and the structure of the polymer is 
f o u n d to exist. The nature of the oxidising process also plays an 
important part i n determining the resultant groups and depth of 
modif icat ion. 
Aliphat ic components of a polymer are l ikely to fo rm C-O 
linkages f o l l o w i n g oxygen treatments, whereas carbon dioxide 
treatments result i n a greater incorporation of carboxyl groups. 
Oxidat ion of phenyl rings yield predominantly C = 0 and 0-C = 0 
species and carbonyls produce mainly carboxylate functionalities. 
Carbon dioxide treatments do not result in a greater production 
of 0 - C = 0 groups when aryl rings are present, the formation of these 
functionalit ies dur ing oxygen treatments are a result of processes 
peculiar to molecular oxygen attack on such rings. U V oxidation of 
polymers i n a carbon dioxide atmosphere is confined mainly to the 
surface, subsurface oxidation does not occur probably due to a lack of 
reactive neutral species diffusing into the bulk. 
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Reaction of polymers w i t h atomic oxygen produced by photolytic 
cleavage of rutrous oxide does not produce highly oxidised species. It is 
unlikely therefore that atomic oxygen plays a major role in plasma or 
U V oxidation of polymers. This process may have uses as a means of 
selectively funct ioni l is ing polymers such as polystyrene to produce 
alcohol groups without carboxylic acid formation. 
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Chapter 5 
Deposition Characteristics of Zinc acetylacetonate 
and Aluminium tri-sec-butoxide from 
non-Polymerisable gas Plasmas 
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5.1 Introduction 
Plasma erOianced chemical vapour deposition (PECVD) has been 
discussed to some extent i n chapter one. The production of thin films 
f r o m glow discharges of organometallic precursors has been geared 
mainly to the format ion of metals or metal oxides^. Less interest 
however has been shown in depositing metal /polymer^ and metal 
n i t r i d e ^ f i lms . The incorporation of metals or their oxides into 
polymers can alter the mechanical, electrical or thermal properties of 
the polymer^. Composite materials of this type can be easily formed by 
using PECVD. 
TEM studies of metal/polymer fi lms formed f rom a variety of 
precursors showed that two distinct phases of metal (or metal oxide) 
and organic polymer were created^. These results suggested that at 
some point a separation of the metal and organic components occured 
and fol lowed separate aggregation processes relatively independent of 
each other. A general mechanism based on this concept is shown in 
figure 5.1, this chapter w i l l demonstrate that this reaction scheme is not 
applicable in all cases. 
Examples of metallic f i lms created f rom glow dicharges of metal 
containing monomers have mostly employed a direct (resistive) 
coupling of the power source to the plasma. This method of coupling 
results i n a higher f lux of ion bombardment on the forming surface 
than i n the case of induct ive coupling^, which may result in a 
comparative enhancement of metal content in the growing f i l m due to 
ablation of the organic component. High sputtering rates at low ion 
energies (< 1 keV) is related to both low heat of vapourisation and a 
similarity in the size of the ion and atoms being sputtered''. Almost all 
metal oxides have heats of vapourisation in excess of common organic 
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Metal-containing monomer 
1 = 
M +ne-
Metal atom Ligand 
crystal 
growth Flasma Polymezisation 
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or 
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polymer layer 
Metal-organic fractal 
pattern format ion 
crystal 
growth ablatiorn 
Metallic t h i n f i l m 
Figure 5.1 Proposed mechanism of formation of metal/polymer 
films (ref 5). 
compounds^, and the main sputtering species wi th in the plasma are 
likely to be closer in mass to carbon than the metal. 
Literature examples of PECVD also rely upon a small distance 
between the monomer inlet and the substrate to produce composites 
w i t h a high metal content^'2 j ^ i s is almost certainly due to the rapid 
degradation of the monomer and condensation of the metallic 
component. The use of inductive coupling, and its potential effect on 
substrate position dependency is investigated in this chapter. 
The two metal containing compounds used in this chapter are 
shown in figure 5.2. Both contain oxygen in close proximity to the 
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HaC^ C2H5 
H 3 C ^ j ^ C H 3 ^ W 
1 L o 
H5C2, 0- .CHq 
H3C ^ CH3 CH3 C2H5 
Zinc acetyl acetonate Aluminium tri-sec-butoxide 
Figure 5.2 Monomers used in chapter 5 
metal ion and are therefore likely to produce metal oxide containing 
products rather than unoxidised metal. 
Zinc acetylacetonate [Zn(acac)2] has previously been used to 
deposite a th in metal oxide/polymer composite via a glow discharge 
route^. The properties of these films depended upon the relative ratios 
of zinc oxide to organic component. For instance, i t is known that zinc 
oxide is an n-type semiconductor^, and the electrical resistivity of the 
composite layer should fa l l w i t h an increased metal oxide content. The 
electrical conduct ivi ty through zinc-oxide and organic th in f i lms 
produced using similar techniques does indeed change wi th varying 
deposition conditions (which give products w i th differ ing amounts of 
organic component)^0. Factors influencing the conductivity of the 
deposited layer were found to be the temperature of the substrate 
dur ing deposition, the duration of the deposition, the temperature 
(vapour pressure) of the monomer and the discharge power. 
Zinc oxide also displays other useful properties; i t is used as an 
absorber of ul t raviolet l igh t (below 3655 A), and also exhibits 
thermoluminescence and photoconductivity^. 
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Plasma deposition of thin fi lms of A lumin ium tri-sec -butoxide 
[Al(OCH(CH3)C2H5)3] (see figure 5.2) has not been reported previously. 
I t has a boiling point of 200°C under 30 torr pressure^l, and should be 
an ideal monomer for PECVD. I t is, however, air sensitive and must be 
handled carefully. This compound has been used to incorporate small 
a lumin ium oxide particles w i t h i n elastomeric polymers to change 
their mechanical properties; the a lumin ium oxide is produced 
fo l lowing hydrolysis of the metal butoxide^^ 
A l u m i n i u m containing f i lms f rom plasma discharges have been 
created using other starting materials. Glow discharges of aluminium 
alkyls^^ and bromides^'^ have been employed to produce aluminium 
nitr ide, a wide gap I I I -V compound w i t h high electrical resistivity, 
thermal conductivity and chemical stability^ ^  which is of interest to 
the semiconductor industry. The formation of aluminium oxide films 
f r o m g low discharges using t r ime thy la lumin ium has also been 
studied^^, 
5.2 Experimental 
Reactions were carried out in the cylindrical glass reactor (22 cm 
long by 5 cm diameter) illustrated i n figure 5.3. A 13.56 M H z R. F. 
generator was inductively coupled to i t via an externally wound eight 
turn copper wire. The non-pol)nnerisable gases were introduced to the 
reactor through a needle valve to allow adjustability of the f low rate; 
no regulator was needed to control the f l o w of the metal-containing 
monomers due to their low volatility. Changes in evaporation rates of 
the metal compounds was achieved by warming the monomer tube 
w i t h heating tape. I t was also necessary to heat the connecting tubes 
between the monomer tube and the reactor to prevent condensation of 
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Figure 5.3 Reactor configuration used in chapter 5 
the vapour before reaching the reactor. Measurement of the monomer 
f l o w rates was not possible using this reactor as condensation occured 
on the cooler reactor walls before reaching the pirani guage. The 
temperature of the monomer resevoir was measured via a chromel-
alumel thermocouple inserted between the heating tape and the glass 
container. Control of the power supplied to the heating tape was 
acheived using a Variac transformer; i t was possible by this method to 
maintain a constant temperature wi th in ±5°C throughout the course of 
a reaction. The degree of heating depended upon the power supplied to 
the heating tape, but also varied between experiments because small 
differences i n the rewinding of the tape changed the heat f l o w 
properties of the system. This became important when using 
a l u m i n i u m t r i - sec-butoxide , as this monomer 's deposi t ion 
characteristics are highly temperature sensitive. 
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Other details of the reactor system are identical to those in 
previous chapters. The reaction vessel was pumped to a pressure of 
better than 5 x lO '^ torr, and the non-polymerisable gas was allowed to 
enter at the desired f l ow rate. The plasma was ignited, in most of the 
reactions described i n this chapter a power of 5W was used as higher 
powers gave negligable deposition rates of polymer. The monomer was 
then opened to the reactor and heated to the temperature required. 
Reactions were allowed to occur for one hour before shutting off the 
monomer f r o m the reactor, cooling the connecting tubes and turning 
o f f the plasma. 
The substrates used were glass and potassium bromide discs, 
which were attached to the glass slide wi th double sided scotch tape in a 
variety of positions, as shown in figure 5.4. Sites "a", "b" and "d" are on 
a glass slide inserted into the cylindrical reactor; respectively 2.5 cm 
directly above the monomer inlet, 15 cm downstream of "a" and 2.0 cm 
above the monomer inlet on the underside of the glass slide. Site "c" is 
located halfway up a vertical piece of glass which was fused to the top 
and bottom reactor walls 1 cm upstream of the monomer inlet. In 
experiments were the influence of the location of site of deposition 
-itn 
Figure 5.4 Schematic of Positions of Substrates 
wi th in Reaction Vessel 
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w i t h i n the reactor were not investigated, position "d" was exclusively 
used. 
Research grade oxygen, argon, hydrogen and carbon dioxide were 
supplied by BOC. A l u m i n i u m tri-sec-butoxide (97%) was supplied by 
Aldr ich and handled i n a nitrogen atmosphere. Before each reaction i t 
was degassed by consecutive freeze-thaw cycles and any volatile 
decomposition products were removed under vacuum. Af te r the 
reaction had finished the vessel was flushed through w i t h nitrogen 
and then let up to atmospheric pressure under nitrogen. Zinc 
acetylacetonate was provided by P. Coates (Chemistry Dept., Durham) 
and was analysed by infrared and found to give absorbances in 
agreement w i t h the literature^' ' , although the presence of water was 
noted. The monomer was dehydrated by heating to 100°C under 
vacuum before use. 
XPS spectra were acquired on a Kratos ES300 surface analysis 
instrument i n the f ixed analyser transmission analyser mode for 
deposits f r o m Zn(acac)2, and on a Kratos ES200 instrument in the fixed 
re ta rd ing rat io analyser mode fo r deposits f r o m Al(OBut)3 . 
Experimentally determined sensitivity factors (which agree well w i th 
l i t e ra tu re values^ S) were used to calculate surface elemental 
compositions. Infrared spectra were taken of deposits on KBr discs 
using a Mattson Polaris FT-IR spectrometer. 
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5.3 Treatment of Zinc Acetylacetonate 
5.3.1 Site of Deposition 
Substrates were placed at the four sites described in the 
experimental section. Oxygen was used as the modify ing gas, and the 
zinc acetylacetonate was heated to evaporate i t into the reactor. 
Fo l lowing the reaction, these samples were analysed by X-ray 
photoelectron spectroscopy. The surface elemental compositions f rom 
the XPS results are shown i n table 5.1. Temperature of the zinc 
acetylacetonate resevoir is shown in degrees centigrade for both 
reaction conditions; the oxygen f l o w rate was kept constant at 0.70 
m l / m i n for each experiment. The Si2P (-102 eV) region was examined 
also to see i f the glass substrate is visible. The presence of a silicon 
signal gives a qualitative indication of low deposition rate. 
In both cases there was negligable f i l m formation at positions "a" 
and "b", the silicon peak indicates that thickness of any material is 
Element : Carbon Ratio 
110°C, 0.70 m l / m i n 140°C, 0.70 m l / m i n 
Position Z n O Si Z n O Si 
a 0.00 1.18 0.35 0.00 1.21 0.32 
b 0.00 1.36 0.24 0.00 1.40 0.30 
c 0.19 1.23 0.12 0.22 0.75 0.00 
d 0.30 1.02 0.00 0.24 0.60 0.00 
Table 5.1 The dependence of position wi th in reactor on 
f i l m formation 
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small and the lack of a detectable zinc signal shows that predominantly 
organic material reached these sites. It is probable at site "a" that oxygen 
etching of material is the main reaction since substantial bu i ld up of 
carbonaceous matter is not occuring. Site "b" lies out of the visible 
plasma region, which approximately extended f rom the inlets toabout 
10 cm downstream of them. Collection of material here was also 
negligable, ox ida t ion of organic components w i t h i n the g low 
precluding the production of polymer forming species. Site "d" is the 
position at which the zinc to carbon ratio is the greatest, i t is also the 
closest to the monomer inlet. The other point of collection "c" is 
positioned obliquely to the monomer f low, whereas "a" and "d" are 
perpendicular to i t . Al though all three are roughly equidistant f rom 
the point of entry of zinc acetylacetonate, the f i l m composition of f i lms 
formed on these surfaces varies enormously. This shows that not only 
is distance f r o m the inlet important but so is orientation towards it . 
The difference between the latter two suggests that zinc-containing 
material f r o m the inlet condenses on the first surface that i t contacts. 
Substrates placed dose and in direct line of sight of the monomer inlet 
w i l l collect material w i th a larger metal content. 
5.3.2 Effect of Power 
The collection of material f r o m plasmas of lOW power was 
attempted at site "d" at various power and f low rates. Table 5.2 lists the 
XPS results of these experiments. None of the conditions resulted in 
significant deposition of material, this is evident f rom the large silicon 
signal. In section 5.3.3 a power of 5W was used at comparable f low rates 
and monomer temperatures, and significant coverage of the substrate 
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Oxygen f low Zn(acac)2 Z n : C 0 : C S i : C 
rate (ml/min) temperature ratio ratio ratio 
0.70 115°C 0.00 1.22 0.40 
0.70 140°C 0.00 1.08 0.20 
1.39 110°C 0.00 1.23 0.38 
Table 5.2 Deposits formed at lOW f rom Zinc acetylacetonate 
in an oxygen plasma 
was acheived. I n the light of these results, powers of greater than lOW 
were not thoroughly investigated. I t was noted that at 20W the glow 
region extended into the monomer inlet tube which wou ld cause 
significant monomer disruption before entry into the reactor. 
5.3.3 Results and Discussion 
T y p i c a l XPS spectra of mater ia l f o r m e d f r o m zinc 
acetylacetonate/oxygen plasmas are shown in figure 5.6. I t should be 
noted that the data collection systems on the instruments is different to 
those used in previous chapters, and the binding energy scale increases 
to the r ight , and not the left . The f i lms demonstrate zinc contents 
varying f r o m 40 at.% to none. Inspection of the results reveal that a 
low monomer tube temperature at a constant oxygen f low rate (0.70 
m l / m i n ) w i l l produce a f i l m of high metal content. Figure 5.7 plots the 
relative concentrations of zinc and oxygen atoms against the 
temperature applied to the Zn(acac)2 resevoir. Al though deposition 
rate was not measured for these products it is probable that a lower 
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Zn2P^ 
1018 1022 1026 
Figure 5.6 XPS spectra of a zinc containing f i lm made at an oxygen f low 
rate of 1.39 ml /min . , and a monomer temperature of 110°C 
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Figure 5.7 Elemental composition of films with monomer 
temperature (O2 flow = 0.70 ml/min) 
partial pressure of the monomer (i.e. less heating) will reduce the rate 
of film formation because deposition is dependent upon the amount of 
monomer able to reach the surface (see section 5.3.2). Indeed, when 
there is very little heating (45°C; Zn:C = 0.00, 0:C = 1.24, Si:C = 0.41) XPS 
reveals that the glass substrate is uncoated. It is interesting to note that 
the oxygen to carbon ratio is larger when the percentage of zinc in the 
deposit increases, which could be an indication that oxygen becomes 
strongly associated with zinc ions during these processes. If the scheme 
shown in figure 5.1 applies, then free metal atoms will rapidly react to 
form zinc oxide. No splitting was visible in the Ois spectra (see figure 
5.6) which would indicate that oxide ions were being formed. The 
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binding energy of the main photoelectron peaks were typical of 
covalently bound oxygen although they were invariably broad, 
implying a wide range of environments. 
High oxygen flow rates produced films through which glass 
could still be seen with X-ray photoelectron spectroscopy. In these cases 
there is some incorporation of metal, showing that the monomer is 
reaching the substrate, but the deposition and etching rates must be 
almost identical. The rise in Si2P intensity with increasing oxygen flow 
rate can be seen in figure 5.8. Zinc to carbon ratios remain relatively 
constant although there is slightly more metal at a low pressure of 
oxygen. The reason for this is unclear, since a reduction in oxygen 
concentration in the gas phase should result in a larger organic film 
Oxygen 
Silicon 
1 2 
Oxygen flow rate (ml/min) 
Figure 5.8 Elemental composition of films with oxygen flow 
rate (Monomer temperature = 110°C) 
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component. One of the main oxidation processes of hydrocarbons in 
pure oxygen plasmas is the reaction between activated organic species 
and neutral oxygen^^, a lower availability of oxygen should reduce the 
rate of this. It is possible then, that the limiting factor involved in this 
oxidation process is the activation of ligand species. More variance in 
the Zn:C ratio was found on changing the monomer temperature, with 
low evaporation rates increasing the zinc incorporation. This also 
indicates that the rate limiting step in the oxidation of the ligand is it's 
activation (by U V light, electron, or ion bombardment). High partial 
pressures of the monomer will result in a smaller proportion of excited 
species. 
C i S peak fits were carried out with the assumption that only 
carbon-oxygen species were present. The chemical shifts of such groups 
are given in chapter three. The possibility of forming zinc carbide or 
similar species in an oxidising atmosphere was considered negligable, 
and would have resulted in a peak to the low binding energy side of 
the C i S hydrocarbon peak which was not evident. The dominant 
functionalities expressed in these products are carboxylic acid groups 
and hydrocarbon groups. The tendency for a higher percentage of 
carboxylic acid carbon atoms at a low monomer tube temperature is 
shown in figure 5.9. Formation of organic acids could result from a 
Norrish type I cleavage of methyl groups from the parent ligand 
followed by reaction of the remnant with oxygen. 
High oxygen flow rates enhance the contribution of the more 
oxidised species to the carbon spectra. This tendency can be seen in 
figure 5.10. When the deposition rate is negligable (the Si2P region 
visible) there is a substantial presence of carboxyl and carbonate groups 
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Figure 5.9 Carbon functionalities against monomer temperature 
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with the exception of a film formed with Zn(acac)2 temperature of 
45°C, and an oxygen flow rate of 0.70 ml/min (C-H 51%, C-O 20%, C = 0 
15%, 0 - C = 0 11%, CO3 3%). In this case no zinc was detected in the 
product, implying that the metal ions are necessary for the retention of 
acid and carbonate species within the organic component. 
Deconvolution of the carbon envelope suggests that carboxylic 
acid groups or carboxylate ions are one of the main organic products. 
This, and the lack of a shoulder to the low binding energy side of the 
Ois peak (indicative of oxide ions) implies that almost all the oxygen is 
associated with the organic film component. If this is the case, then the 
oxygen to carbon ratio determined from core levels should be 
consistent with the results of the Cis peak fit. 
Equation 5.1 determines a theoretical oxygen to carbon ratio 
from carbon deconvolutions based on the following assumptions. Only 
alcohol groups are formed, no ether or peroxide groups. Only carbonyl 
groups, and only carboxylic acids or carboxylates, no esters or acid 
arU\ydrides. Carbonate groups were assumed to be in ionic form. This 
results in a maximum oxygen to carbon ratio consistent with the 
carbon peak fit (unless the hydroperoxy group concentration is 
exceptionally large). If the O I S intensity is much larger than expected 
from this formula then, since no other elements are present in the 
examples shown in table 5.3 there must be a direct association of zinc 
and oxygen, possibly as zinc hydroxide. 
Theoretical 0 :C = (C-O) + (C=0) + 2 x (0-C=0) + 3 x (CO3) 5.1 
At high monomer tube temperatures the calculated and 
experimentally determined oxygen to carbon ratios are similar. It is 
likely, in these cases, that the carboxylic acid groups exist in the ionised 
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Oxygen Zn(acac)2 0:C from 0:C from Zn:C 
Flow rate Temp. C I S peak areas ratio 
0.70 175°C 0.67 0.59 0.21 
0.70 140°C 0.54 0.60 0.24 
0.70 125°C 0.82 0.80 0.30 
0.70 115°C 0.85 0.74 0.30 
0.70 110°C 0.89 1.02 0.30 
0.70 100°C 0.80 0.92 0.38 
0.70 85°C 0.83 1.13 0.37 
0.35 110°C 0.67 1.12 0.38 
1.39 130°C 1.03 1.33 0.24 
Table 5.3 Comparison of C l S peak fit with Ois intensity 
form in association with zinc ions, since there is insufficient Ois 
intensity for the metal to exist only as the oxide or hydroxide and the 
C I S peak fit to be consistent. When the resevoir temperature is lower, 
the oxygen core level peak is significantly larger than can be accounted 
for from the carbon region. Since there were no other elements 
detected by XPS these conditions must result in the production of some 
zinc oxide or hydroxide. It is likely that the hydroxide is formed, since, 
as stated earlier, there was no peak to the low binding energy side of the 
Ois peak. 
Infrared spectroscopy performed on films collected on potassium 
bromide discs confirms that carboxylate ions are formed. The strong 
absorbances at -1570 cm"l and -1400 cm'l seen in figure 5.11 are 
assigned, respectively, to the asymmetric and symmetric stretches of 
the carboxylate anion^O. The higher intensity of these bands at lower 
oxygen flow rates is due to a greater film thickness. The strong hydroxyl 
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T r 
XSOO 2000 
Figure 5.11 Infrared spectra of (top) 0.70 ml/min., 115°C and (bottom) 
1.39 ml/min., 115°C deposits from Zn(acac)2 and oxygen 
showing the strong carboxyl absorption 
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stretch at -3460 cm"l is broadened due to hydrogen bonding. 
Characteristic C = 0 stretches are not evident, but in the monomer this 
absorbance is shifted to 1592 wavenumbers^^^ and so the carbonyl 
groups evident in the C l S XPS spectra may still retain diketonate 
character. 
5.3.4 Synopsis 
The rapid condensation of metallic components from the 
monomer is evident from the critcal positioning of substrates. 
Deposition of material occurs only close to the monomer inlet, with 
oxygen etching occuring throughout the remainder of the reactor. 
Negligable film formation is also found when the flow rate of oxygen is 
high, or the zinc acetylacetonate resevoir receives insufficient heating. 
The oxidation process does not seem to involve a dissociation of 
the monomer into metal ions and ligands (as outlined in figure 5.1). 
There is a loss of carbonyl functionality on going from the monomer to 
the product, from 40% to between 10 and 15%. Oxidation of these 
groups results in carboxylate anions, which are still associated with the 
zinc cations. Carbon singly bonded to oxygen will result from reaction 
of the hydrocarbon part of the acetylacetonate ligand, of which a 
substantial portion of the film is formed. 
5.4 Treatment of Aliuninium tri sec -butoxide 
5.4.1 Results and Discussion 
The most critical feature of reactions carried out with this 
monomer was found to be the temperature of the resevoir. Insufficient 
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heating produces virtually no film formation, whereas a higher 
temperature results in visible condensation of Al(OBut)3 liquid on 
surfaces close to the inlet. The optimum temperature was 165°C ± 5°C, 
and all experiments described in this section were carried out within 
these limits. Plasma powers of lOW were again found to produce 
negligable deposition rates. Table 5.4 summarises the results of reacting 
this monomer in a variety of gas plasmas, and typical XPS spectra are 
shown in figure 5.12. 
The most notable feature of the deposits collected is that the 
oxygen content is almost directly related to the amount of aluminium 
incorporation regardless of the reactant gas used. The 0:A1 ratios in 
each case are consistent at 1.9 + 0.25. There is always significantly more 
Gas Flow 
rate 
A1:C Q C C H C-O c=o OC-O C03 
none no 
plasma 
0.21 0.41 79 21 0 0 0 
none 0.95 1.61 70 15 3 6 6 
Ar 0.70 0.45 0.96 77 14 1 5 3 
H2 0.70 1.02 1.68 76 15 2 7 0 
02 0.70 1.37 2.55 63 10 4 18 5 
N2 0.70 1.36 2.73 62 17 10 7 4 
C02 0.70 0.99 1.75 67 9 3 15 5 
C02 1.40 1.21 2.32 60 12 10 13 5 
Table 5.4 XPS results of reaction of Aluminium tri-sec-butoxide with 
non-polymerisable gas plasmas. (Flow rates in ml/min., 
Cis deconvolution results in per cent contribution.) 
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Figure 5.12 XPS spectra for the Al(0But)3 and oxygen 
plasma reaction 
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Figure 5.13 Relation between aluminium and oxygen intensity 
oxygen than can be accounted for from the Cis deconvolution (see 
equation 5.1). Therefore, all these films contain a substantial amount of 
aluminium oxide, hydroxide or a mixture of both. Figure 5.13 plots the 
oxygenxarbon ratio against the aluminium:carbon ratio and clearly 
shows a straight line relationship. 
Neat aluminium tri-sec -butoxide evaporated onto a substrate 
without a plasma being struck undergoes some hydrolysis during 
exposure to air whilst being transported to the photoelectron 
spectrometer. All materials were treated in a like manner, the figures 
given here are therefore not necessarily representative of the freshly 
deposited films. Theoretically, without hydrolysis the Al : C ratio 
should be 0.08, and the O : C ratio 0.25. It is evident that when this 
compound reacts with air some loss of organic material (and hence 
drop in Cis intensity) occurs. The carbon spectra resolves into two 
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component peaks with shifts t3^ical of hydrocarbon and carbon singly 
bound to oxygen. Such groups arise from the butoxide ligand and can 
be assumed to come mainly from imhydrolysed aluminium tri-sec 
-butoxide either at the surface or just below it. 2-Butanol, the organic 
hydrolysis product is reasonably volatile (b.p. 100°C at 760 torr^l) and 
would evaporate at the low pressure used for XPS. Although there may 
be some chemisorption, the Ois intensity is too low to account 
forcomplete hydrolysis within the depth analysed. The results of 
deconvolution are close to the theoretical values with a slightly higher 
hydrocarbon component than expected. Butoxide ions should give a 
relative intensity of -75% C H to -25% C-O, the larger unoxidised 
carbon component is probably due to a small degree of surface 
contamination. 
A glow discharge of Al(OBut)3 produces an higher aluminium 
content than does evaporation onto a substrate. The butoxide ligand 
suffers a degree of change during plasma treatment, the Ci s 
deconvolution shows a slight drop in hydrocarbon intensity, and more 
oxidised forms of carbon are present. Formation of the metal oxide or 
hydroxide is almost certainly occuring, the nearly equal numbers of 
aluminium and carbon atoms precluding any sensible scheme that 
involves retention of metal-ligand bonds. A breakdown of the 
compound into metal and organic parts followed by separate 
deposition processes, as outlined in figure 5.1 probably occurs. The 
higher content of aluminium being due to the faster condensation of 
this material from the gas phase. 
The introduction of aluminium tri-sec -butoxide into the plasma 
of a non-polymerisable gas will affect the properties of the resultant 
film. These changes will be influenced predominantly by reactions 
occuring within the gas phase. Other effects will result from differences 
A. G. Shard Plasma Assisted Thin Film Formation Page 148 
in the transport of material to the substrate. Since the presence of 
another gas will result in a rise in pressure, the mean free path of 
species within the reactor will be reduced, see equation 5.222. 
A'P,t = Ao • p • J o 5.2 
Table 5.5 lists the mean free paths of gases used in this chapter at 
atmospheric pressure22, the pressure at which they are introduced to 
the reactor (0.15 mbar), and the pressure at which the pure aluminium 
tri-sec -butoxide plasma operated (0.04 mbar). The mean free path of the 
metallic compound will be even lower than that of the gases due to its 
greater collisional cross section. This can be seen from equation 5.3 
where r i and T2 are, respectively, the effective collisional radii of the 
slower moving and faster moving components of a gaseous mixture22. 
X = 
n ill + r2)2 N 
5.3 
Gas 
Mean Free Path (metres) at T=288K 
1 bar 0.15 mbar 0.04 mbar 
H2 11.7x10-8 0.78x10-3 2.9x10-3 
N2 6.28x10-8 0.42x10-3 1.6x10-3 
O2 6.79x10-8 0.45x10-3 1.7x10-3 
CO2 4.19x10-8 0.28x10-3 1.0x10-3 
Ar 6.66x10-8 0.44x10-3 1.7x10-3 
Table 5.5 Mean free paths of gases used in this section at 
various pressures 
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Film forming species will undergo, on average, many tens of 
collisions on moving 2 cm from the inlet to the substrate. On 
introduction of an unreactive gas such as argon, the frequency of 
collisions will increase. If there is no dissociation of the aluminium tri-
sec -butoxide molecule then the film composition should remain 
relatively unchanged. This is not the case, because although the shape 
of the Cis spectra is similar to that resulting from a pure plasma, the 
aluminium and oxygen content are almost halved. 
This implies that there is a separation into aluminium/oxygen 
species and organic ligand species prior to deposition. Diffusion directly 
from the inlet to the substrate of these materials is less probable under 
the higher pressure. Condensation on walls closer to the inlet removes 
many more of the metal/oxygen clusters than organic components 
since re-evaporation or ablation is more likely in the latter case. 
Using hydrogen as a feed gas, it can be seen that any effect from 
the reduction in diffusion is offset by its reactive nature. The elemental 
composition of this mix is close to that of the pure monomer. 
Formation of volatile products such as methane and water will reduce 
the carbon incorporation into the growing film, and the reducing 
atmosphere discourages generation of carbonate groups. The formation 
of metallic aluminium would not be detected in this experiment since 
it reacts rapidly with air to form aluminium oxide at least to the depth 
of the XPS experiment. 
Oxygen and nitrogen plasmas both enhance strongly the 
aluminium content of the film, suprisingly there is no evidence in the 
Nis XPS region for incorporation of nitrogen into the resultant film. 
The main difference between the two deposits is the greater production 
of organic acid groups following the oxygen treatment. It is unclear 
why if the butoxide ligand is unreactive toward a nitrogen plasma, the 
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film formed should not be similar to the one produced from an argon 
plasma. There could be reactivity toward the organic component to 
produce predominantly volatile products which would then not be 
expressed in the deposit. Alternatively, collisional activation and 
deactivation processes in the gas phase may be different with nitrogen 
because of it's smaller mass. Aluminium tri-sec -butoxide does not 
appear to be a suitable precursor for the formation of aluminium 
nitride by this method. 
Treatment with carbon dioxide was carried out at two flow rates. 
At the higher flow rate a greater degree of oxidation of the organic 
component occured, resulting in a greater metal content in the film. A 
lower aluminium : carbon ratio was found with this gas in comparison 
to oxygen at the same flow rate. Carbon dioxide is a less vigorous 
oxidiser than oxygen in a glow discharge (see chapter 4), so the 
transport of metal/oxygen species plays a greater role in this reaction 
scheme. 
5.4.2 Synopsis 
P E C V D of aluminium tri-sec -butoxide in the presence of non-
polymerisable gases is influenced by both the decreased mean free path 
of the monomer, which adversely affects the metal content of the 
product, and the reactant nature of the gas which modifies the organic 
part of film. The type of gas used does not appear to change the 
chemical state of the deposited metal. Aluminium oxides and 
hydroxides are the main products, although the presence of carboxylic 
acids and carbonates suggest that some organic metal salts may also 
form. 
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5.5 Conclusions 
Inductively coupled plasmas were used to produce metal 
containing thin films. It was found that pure metal oxide films were 
not formed using the reaction set up described here. Similar 
experiments carried out with titanium isopropoxide produced similar 
results, and showed that the organic component could be removed by 
heating23. in these experiments it was found that the monomer inlet 
into the reactor had to be in close proximity to the substrate in order to 
achieve a reasonable incorporation of metal into the film. Metal 
complexes from the heated inlet must condense rapidly on the colder 
glass surfaces within the reactor. 
Factors influencing the metal content of these films were found 
to be the temperature of the monomer resevoir (and connecting tubes), 
the flow rate of the gas used for modification and the nature of the gas 
itself. High plasma powers were found to cause rapid breakdown of the 
monomer, and no metallic part of it could be collected on the substrate. 
The two compounds used in this chapter appear to follow quite 
different mechanisms of film formation. Zinc acetylacetonate remains 
closely associated within the plasma, resulting in a mainly metal 
carboxylate film. Similar materials have been produced using glow 
discharge techniques to create solid polymer electrolytes with mobile 
cat ions24. Aluminium tri-sec -butoxide dissociates to give a 
metal/oxygen part, and an organic part which then follow differing 
reaction pathways. Even in plasmas where oxygen is not readily 
available, aluminium oxides and hydroxides are the dominant 
product. Although this may be a result of oxidation or hydrolysis upon 
exposure to air, it is more likely to be due to cleavage of the monomer 
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at carbon-oxygen bonds so that oxygen remains associated w i t h 
a lumin ium ions. 
I t is important to note that a knowledge of the rate of entry of the 
monomer into the reaction vessel would be useful i n understanding 
the processes which are occuring i n the experiments described i n this, 
and the subsequent chapter. The positioning of a pressure gauge on the 
inlet tube w o u l d give some idea of this rate, although experimental 
problems may occur due to this sensor having to be at the same 
temperature as the inlet tube. Alternatively, the vapour pressure can be 
related to the monomer tube temperature through the equation 
(adapted f r o m ref. 8); 
logP = - ( a / T ) + b 5.4 
Where P is the vapour pressure, T is the temperature (in Kelvin), and a 
and b are constants typical of the compound. 
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Chapter 6 
Co-Deposition Characteristics of Zinc 
acetylacetonate. Aluminium tri-sec -
butoxide and Perfluorohexane 
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6.1 Introduction 
The inclusion of metal and metal oxide species into polymer 
matrixes is of considerable interest because of the influence on the 
chemical and physical properties of the polymer^. There are many ways 
of p r o d u c i n g such mater ia ls^ . The hydrolysis of unstable 
organometallic compounds is used to incorporate metal oxides into 
conventional polymers^. When the organic part is a plasma polymer, 
the metal can be evaporated in to the g low discharge and 
simultaneously condensed w i t h the polymer. Alternatively, a metal 
electrode can be sputtered by reactive species in the plasma to achieve 
the same effect. Incorporation of metals into fluorocarbon plasma 
polymers has been investigated by this sputtering technique'^/^. 
Sputtering of the electrode is enhanced by the formation of volatile 
fluorides (such as silicon and germanium), but in these cases no 
metallic inclusion was found. I t is important therefore to choose a 
metal that has a non-volatile fluoride salt. Another method is to use a 
volatile organometallic material, such as copper acetylacetonate, as a 
co-monomer. This vapour has been deposited wi th an organic matrix 
to improve the conductivity of the resulting f i l m ^ . 
I n this chapter two organometallic compounds and a 
fluorocarbon material are used as co-monomers. The polymerisation of 
zinc acetylacetonate, aluminium tri-sec -butoxide and perfluorohexane 
w i t h each other is investigated. Formation of films wi th each of these 
as the sole monomer has been reported in previous chapters. Material 
produced f rom combinations of pairs of the monomers were examined 
(i.e. Zn(acac)2/Al(OBut)3 , Zn(acac)2/C6Fi4 and Al(OBut)3/C6Fi4). If 
volatile metal fluorides can f o r m the latter two combinations w i l l 
exhibit littie or no metal content, however, both zinc fluoride and 
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Figure 6.1 Deposition rate versus vapour composition showing 
(a) codeposition and (b) copolymerisation 
a luminium f luoride have high melting points (872° C and 1290° C 
respectively''). 
The processes involved in f i l m formation f rom more than one 
monomer can be exceedingly complex. I f there is no influence f rom 
one monomer on the other's deposition characteristics and vice-versa , 
then the product w i l l be a linear combination of the plasma polymers 
of the individual monomers; this is known as "plasma codeposition". 
The term "plasma copolymerisation" implies some sort of interaction 
between the two co-monomers in the gas phase to produce a material 
that may vary greatly f r o m that expected. The difference between 
plasma copolymerisation and plasma codeposition can be found in the 
deposit ion rates of some systems. For example^, mixtures of 
hexamethyldisi loxane and methyl methacrylate show a linear 
relationship between deposition rate and vapour composition which 
indicates codeposition (see f igure 6.1a). Whereas styrene and v iny l 
acetate mixtures show a significant negative deviation from that 
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Figure 6.2 Percentage composition of fluorocarbon in plasma 
copolymers of naphthalene and perfluoronaphthalene 
against molar feed ratio into the plasma 
expected (see f igure 6.1b), which suggests that a copolymerisation 
reaction is occurring. A n example of a copolymerisation reaction which 
affects the composition of the plasma polymer is found w i t h 
naphthalene and perf luoronaphthalene^, which demonstrates 
considerable deviation f rom theoretical compositions, see figure 6.2. 
6.2 Experimental 
The apparatus used in this chapter was very similar to that used 
in chapter 5, see figure 6.3. The reactor was evacuated to a pressure of 
better than 5 x 10'^ torr, and perfluorohexane or oxygen allowed to 
enter at the required f low rate. After the plasma was struck the metal 
A. G. Shard Plasma Assisted Thin Film Formation Page 159 
Needle valve 
F. Coils 
Glass 
Slide 
Substrate Cold trap 
and Pump 
Yourtg's 
Pirani 
head 
Heating elements 
Figure 6.3 Reactor used for copolymerisation of metal 
containing monomers 
containing monomer(s) were opened to the reactor and heated through 
the system described in chapter 5. Once again the power of the plasma 
had to be kept l ow (5W), otherwise there was minimal metal 
incorporation into the growing f i lm . Depositions were allowed to occur 
for one hour before closing off and cooling the monomer(s), and 
extinguishing the plasma. The reactor was then flushed through with 
nitrogen, before letting up to atmospheric pressure under nitrogen. 
The samples were transported through air to be analysed. Glass 
substrates were used for XPS, and potassium bromide discs for infrared 
analysis. 
XPS spectra were collected on a Kratos ES200 spectrometer, in the 
f ixed retarding ratio (ERR) analyser mode and a Kratos ES300 in the 
f ixed analyser transmission (FAT) mode. The regions analysed were 
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identical to those in chapter 5 wi th the exception that when the ES200 
was used to examine zinc containing films, the Znsp (binding energy 
3 
~90 eV) rather than the Zn2P2 (binding energy -1022 eV) region was 
collected due to the low sensitivity of the FRR mode to low kinetic 
energy electrons. Deconvolution of Cis spectra i n f i lms containing 
both f luorine and oxygen cannot be reliably carried out due to the 
numerous possible environments. A peak f i t was only attempted when 
one of the electronegative elements was in a large enough excess to 
make contribution f rom the other element negligable. Infrared spectra 
were collected on a Mattson-Polaris FT-IR spectrometer. 
6.3 Zinc acetylacetonate and Aluminium tri-sec -butoxide 
6.3.1 Results and Discussion 
Thin f i lms formed via evaporation of both zinc acetylacetonate 
and aluminium tri-sec -butoxide separately into non-polymer forming 
plasmas were investigated in chapter 5. The actual f l o w rates and 
deposition rates of the two monomers were unknown, so predicting 
f r o m a codeposition standpoint the theoretical composition of a f i l m 
given individual monomer tube temperatures is diff icult . It was found 
that the products f rom the zinc compound varied less wi th changes in 
the resevoir temperature than the aluminium compound. To try and 
f i n d a reaction scheme whereby the deposition rate f r o m each 
compound is similar i t was decided, therefore, to keep the zinc 
acetylacetonate resevoir temperature constant at 110 °C and vary the 
a luminium tri-sec - butoxide monomer tube temperature. 
The oxygen f l o w rate through the reactor was kept constant at 
1.39 m l / m i n , double the f low used as a standard in chapter five. When 
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both monomers are entering the reactor there should be an increased 
consumption of oxygen. W i t h this f low rate of oxygen the product 
formed when the a luminium tri-sec -butoxide resevoir is at -165 °C 
w i l l be a direct combination of the pure monomer deposits (with 0.70 
m l / m i n . oxygen f low) i f codeposition is occuring. 
Figure 6.4 shows the results of elemental surface analyses for 
experiments conducted over a range of Al(OBut)3 temperatures. In 
some f i lms, an Si2P peak was visible, these have been left out of the 
diagram for clarity. The Si:C ratio for films formed at an aluminium 
tri-sec -butoxide resevoir temperature of 20°C and 60°C were 0.10 and 
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Figure 6.4 Elemental composition of films formed f rom the 
co-deposition of Zn(acac)2 and Al(OBut)3 
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0.02 respectively. A t low temperatures the deposit is similar to f i lms 
formed f r o m just zinc acetylacetonate and oxygen (see chapter 5). There 
is an increase i n the carbon content relative to all other elements (c.f. 
result for Zn(acac)2 at 110°C and Oi f low 1.39 m l / m i n ) . This effect can 
be ascribed to volatile material (possibly butanol or butanone) entering 
the chamber f r o m the aluminium compound resevoir. The rate of f i l m 
format ion increased upon raising the temperature f rom 20°C to 80°C, 
wi thout substantially altering zinc content. This is evident i n the fal l of 
the silicon to carbon ratio, the decrease in the oxygen to carbon ratio is 
also due to greater f i l m thickness. The increase i n temperature aids 
evaporation of organic material f r o m the Al(OBut)3 resevoir w h i c h 
competes w i t h the zinc monomer for oxygen. The lower availability of 
oxygen allows a higher deposition rate of zinc acetylacetonate. 
As the a l u m i n i u m monomer is heated above 80°C to about 
120°C there is a fa l l i n the zinc to carbon ratio of the product. I f organic 
material is coming f r o m the a luminium resevoir, at this point i t is 
entering the chamber w i t h a high enough pressure to be incorporated 
w i t h i n the product, hence the higher percentage of carbon in the f i l m . 
A l u m i n i u m incorporation is not detectable unt i l the monomer tube 
temperature is at 120°C or higher. Above this temperature a l u m i n i u m 
content increases dramatically. A t 170°C the f i l m is very similar to the 
pure Al(OBut)3 f i lms formed i n chapter 5. The deposition rate of the 
a l u m i n i u m compound at this temperature must be substantially 
greater than that of the zinc compound. 
I f codeposition is taking place, the atomic percentages of the 
elements at 170°C should be consistent w i t h results f r o m chapter 5. 
Table 6.1 compares these values, %Zn(acac)2 character was calculated 
f r o m equation 6.1. The 
%Zn(acac)2 character (element) = at.%(copol.) - at.%(Al(OBut^l) 6.1 
at.%(Zn(acac)2) - at.%(Al(OBut3)) 
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Atomic percent of element 
F i l m C Z n A l O 
Zn(acac)2 110°C 43 13 0 44 
0.70 m l / m i n 
Al(OBut)3 165°C 20 0 28 52 
0.70 m l / m i n 
Copolymer of the 25 1 23 51 
above 
% Zn(acac)2 
character 
21% 8% 18% 12% 
Table 6.1 Comparison of atomic compositions of polymers 
contribution f rom zinc acetylacetonate to the intensity of each element 
was calculated, an average value of about 15% being obtained. This 
implies that the aluminium compound is being deposited 5 to 6 times 
faster than the zinc compound. There is quite a large degree of variance 
between the results, however, which indicates that there is some 
degree of interaction between the two monomers dur ing f i l m 
format ion . 
Peak f i t t ing of the CiS envelope gives some insight into the 
chemical state of carbonaceous material wi th in the product, see table 
6.2. There is quite a large degree of scatter across the range of materials 
studied. This is due to a small signal to noise ratio for the Cis level 
using the FAT mode ( typical spectra shown in f igure 6.5). 
Deconvolution of these spectra was di f f icul t and the results shown 
should be taken only as an indication of the functional groups present. 
Some trends do emerge, most noticeable is the fairly steady decrease in 
the carboxylate group concentration, coupled wi th a more erratic rise in 
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Al(OBut)3 
Temperature C-H c-o c=o o-c=o CO3 
20 37 14 4 45 0 
60 33 13 12 34 8 
80 34 24 8 28 6 
110 53 14 2 31 0 
115 61 13 10 16 0 
120 53 16 11 19 1 
135 57 18 7 18 0 
170 58 18 9 8 7 
Table 6.2 Results of CiS peak fits shown as percent 
contributions to the total peak area 
the number of unoxidised carbon atoms on increasing the aluminium 
tri-sec -butoxide temperature. The hydrocarbon intensity rises sharply 
at about 110 °C which is also the point at which the zinc ion level 
begins to fa l l . This again points to organic decomposition products 
f r o m Al(OBut)3 reaching the growing surface and influencing the 
nature of the product. The intensities of the other groups present 
always fa l l in the order C-O > C=0 > CO3, although the absence or 
presence of carbonate groups follows no apparent pattern. At the two 
extremes of temperature the organic f i l m component is similar to the 
expected composition f rom the previous chapter. 
6.3.2 Synopsis 
Zinc acetylacetonate and Alumin ium tri-sec -butoxide have been 
deposited together in the presence of oxygen. By adjusting the 
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Figure 6.5 XPS spectra f rom a f i l m formed at an Al(0But)3 
temperature of 170°C 
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temperature of the a l u m i n i u m compound resevoir the rapid 
breakdown of this compound wi th in a plasma is evident. If there is 
insufficient heating no aluminium is found in the resulting f i l m but 
the organic part of the monomer influences deposition. The metal part 
of the compound therefore must rapidly condense out of the gas phase, 
and a very high flow rate must be used to enable i t to travel to the 
substrate. I t has also been shown that under conditions typically used 
in chapter f ive the aluminium compound is deposited roughly 5 or 6 
times faster than the zinc compound. 
Interactions between the two monomers, specifically the organic 
ligands, mean that overall this is a copolymerisation rather than a 
codeposition. The two metal compounds fo l low different reaction 
pathways, one forming metal oxide clusters and the other remaining 
strongly associated w i t h its ligand. These features of the deposition of 
these compounds appear to remain unaltered during copolymerisation 
imply ing that the metallic parts are actually codepositing wi th in a 
copolymerising organic matrix. 
6.4 Zinc acetylacetonate and Perfluorohexane 
6.4.1 Results and Discussion 
I n chapter three the plasma polymerisation of perfluorohexane 
was examined specifically w i t h regard to the site of collection. The 
substrate in this case is situated at the upstream edge of the plasma, 
where f i l m formation is minimal for neat perfluorohexane. Without 
any heating of the Zn(acac)2 resevoir (20°C) silicon is visible under XPS 
(Si:C = 0.12). Heating of the zinc acetylacetonate container causes a 
reduction in Si2P intensity (80°C; Si:C = 0.04), until at 90 °C there is no 
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detectable signal f rom the glass, typical spectra are shown in figure 6.6. 
The addition of the metal containing monomer increases deposition in 
the upstream region of the reactor. There is a concomitant rise in both 
the fluorine peak area and the zinc intensity which indicates that both 
monomers are strongly influencing the f i l m character (see figure 6.7). 
The F i s region often gave a complex signal, as can be seen in 
figure 6.6, which could be resolved into no fewer than three peaks wi th 
binding energies of approximately 689 eV, 687.6 eV and 685.5 eV. These 
peaks where assigned to ionic, covalent and partially charged fluorine, 
w i t h reference to literature values. Binding energy -685.5 eV, F ion 
(c.f. ZnF2 684.3 eV, CsF 685.8 eV6), -687.6 eV, F^' (c.f. C4F graphite 
intercalate 687.2 eV, Ni(02CCF3)2 688.2 eV6) and -689 eV, Fcov (cf-
PTFE 689 eV). The low binding energy fluorine atoms are ionically 
bound to zinc and the high binding energy atoms covalently bound to 
carbon. The intermediate peak is due to covalent fluorine atoms closely 
associated wi th negative charges such as carboxyl ions. The results of 
peak f i t t ing this region is shown in figure 6.8. The ratio of Zn : F is 
between 1 and 2 for all samples examined. This indicates that some 
zinc f luoride is being formed during reaction in the glow discharge. 
The remaining fluorine atoms are present in the organic matrix, CiS 
peak fits cannot accurately confirm this because of the presence of 
oxygen in the f i l m . 
A sample was made at a higher f l ow rate of perfluorohexane 
(0.93 ml . /min . ) and a zinc acetylacetonate temperature of 100 °C. Under 
these conditions there was about ten times as many fluorine atoms in 
the product as oxygen atoms. A CiS deconvolution was carried out 
w i t h the assumption that there was negligable contribution f rom the 
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Figure 6.6 XPS spectra f rom a Zn(acac)2 temperature of 
110°C ai\d a CePu f low rate of 0.28 ml . /min . 
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Figure 6.7 Elemental composition of films versus 
Zn(acac)2 temperature 
oxygen atoms. The results, C-H 21%, C-CF 9%, CF 7%, CF-CF 9%, CF2 
48%, CF3 6% show that most of the fluorocarbon component exists as 
CF2 links. In this region of the reactor (the inlet end) there w i l l be only 
a small disruption of the monomer structure, especially wi th the very 
low powers employed. The expected polymeric matrix should thus 
consist of mainly CF2 and CF3 type carbon atoms. The low intensity of 
the CF3 component is probably caused by such groups being associated 
w i t h non-polymer forming species. The hydrocarbon and part of the 
lower binding energy peaks (which w i l l have some contribution f rom 
carbon bound to oxygen) result f rom the organic component of the 
Zn(acac)2 monomer. From the CiS peak f i t the expected fluorine to 
carbon ratio is CF1.30 which is close to the value f rom the elemental 
peaks (Cis to covalently bound Fis) of CFi.26- The zinc content of the 
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Figure 6.8 Distribution of iorused and covalent fluorine 
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f i l m is very small, a result of the increased partial pressure of 
perfluorohexane. 
The oxygen signal follows a strange pattern, first increasing then 
decreasing w i t h a rise in the rate of zinc acetylacetonate volatilisation 
(see figure 6.7). There is undeniably some fo rm of copolymerisation 
occuring since a replacement of the acetyacetonate ligand wi th fluoride 
ions occurs during deposition. I f i t is assumed that this reaction (see 
scheme 6.1) occurs in the gas phase very rapidly, then the first products 
w o u l d be zinc fluorides and acetylacetonate moieties. This is not an 
unreasonable assumption since even at high rates of Zn(acac)2 
vapourisation the major metal product is zinc fluoride. 
2 F ' + Zn(C502)2 ZnF2 + 2(C502)' 6.1 
With this reaction occuring, the solid product w i l l be composed 
of two parts, a condensate of zinc fluoride and a plasma polymer f rom 
the mixture of acetylacetonate and perfluorohexane. The rate of 
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deposition of the ionic salt w i l l be dependent solely on the rate of 
evaporation of zinc acetylacetonate, given that reaction 6.1 is extremely 
2+ 
fast. This is shov^T\ by the almost linear increase of Zn and F upon 
raising the monomer tube temperature. The plasma polymerisation 
reaction, however, is more complex and the organic part of the f i l m 
w i l l probably form at a more constant rate regardless of the Zn(acac)2 
evaporation rate. The initial rise in oxygen signal w i l l then be due to 
volatilisation of enough zinc acetylacetonate to influence the f i l m 
character. The subsequent fa l l is explained by the higher relative 
deposition rate of the metal fluoride and peculiarities in the organic 
copolymerisation reaction. 
Inf rared spectra taken of these f i lms (see figure 6.9) are 
dominated by the -CF2- absorbance at -1150 cm^^ and the -CF3 
ZSOO 2000 
Figure 6.9 Infrared spectrum of f i lm formed at C6F14 f low rate of 
0.28 ml . /min. , Zn(acac)2 temperature of 100°C 
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absorbance at -700 cm"^. There is no indication of any v iny l or 
acetylinic bonds, but there is an absorbance at -1600 cm'^ probably due 
to carbonyl groups. The presence of the (F-H-F) ion should be 
detectable by infrared and has been reported in similar films^O^ but no 
absorbance indicative of this species was found despite the ready supply 
of metal counterions and hydrogen. 
6.4.2 Synopsis 
Plasma copolymer isa t ion of zinc acetylacetonate and 
perfluorohexane was examined. The major f i l m components were zinc 
f luoride and an organic matrix. I t was found that the zinc molecule 
rapidly broke down into a metal part and a ligand part, contrary to the 
results f rom the zinc acetylacetonate/oxygen plasma reaction. This can 
be ascribed to the more reactive nature of f luor ine species. 
Copolymerisation, rather than codeposition, occured; this is easily seen 
f r o m the presence of f luor ide ions in the product which are not 
produced when Zn(acac)2 or C6F14 are the sole monomers. 
6.5 A l u m i n i u m tri-sec -butoxide and Perfluorohexane 
6.5.1 Results and Discussion 
When a l u m i n i u m tri-sec -butoxide is reacted i n non-
polymerisable gas plasmas i t was fo imd that a temperature of roughly 
165 °C was needed to produce a f i l m containing aluminium but 
without condensing l iquid Al(OBut)3 onto the substrate. Temperatures 
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of about this value were found, wi th a perfluorohexane plasma to give 
f i lms w i t h litt le fluorine incorporation (C6F14 f low rate, 0.23 m l / m i n ; 
Al(OBut)3 temp, 170°C gave A1:C 0.21, 0:C 0.39, F:C 0.00). This is 
perhaps because of the high deposition rate of the metal monomer at 
such elevated temperatures. Reducing the resevoir temperature 
enabled f i lms to be formed that contained both a luminium and 
fluorine in reasonable quantities (see figures 6.10 and 6.11). 
Typical XPS results are shown in figure 6.12, the Al2P peak 
appeared at -76.5 eV which indicates aluminium fluoride formation 
(AIF3 76 eV, A l 2O3 74.5 eV^^). The absence of any signal in the silicon 
region suggests that the films are at least 70 A thick. The Fis envelope 
demonstrated little structure, the shift of the main peak being either 
typical of ionic fluoride or covalently bound fluorine atoms. Fluoride 
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Figure 6.11 Elemental composition of films versus 
temperature of Al(OBut)3 resevoir 
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ions were present when the aluminium to carbon ratio was greater 
than 0.5, otherwise mainly organic fluorine could be detected. In the 
cases were ionic fluorine was formed, the F : A l ratio was 1.8 ± 0.1, 
suggesting that a large amount of aluminium fluoride condenses on 
the substrate, but also some oxide and/or organic ligands are associated 
w i t h aluminium ions. Extensive structure typified the carbon spectra, 
however, w i t h two electronegative elements w i t h i n the product 
deconvo lu t ion of them w o u l d be extremely d i f f i c u l t and 
un informat ive . 
The metal content of material collected is larger when the 
Al(OBut)3 resevoir temperature is higher (figure 6.10). When there is 
only moderate heating (about 100 °C) there is virtually no aluminium 
content at all in the product. There is however an appreciable rate of 
f i l m formation since no silicon signal could be found. On its own 
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Figure 6.12 Elemental composition of films versus 
f low rate of perfluorohexane 
A. G. Shard Plasma Assisted Thin Film Formation Page 175 
684 688 
Figure 6.12 XPS spectra of deposit formed at C6F14 f low 
rate of 0.23 m l / m i n . and Al(0But)3 temperature of 125°C 
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perfluorohexane does not have a high deposition rate in this region of 
the reactor (see section 6.4), the addition of another monomer is 
needed. Decomposition products of aluminium tri-sec -butoxide are 
enhancing f i l m production on the substrate, as in section 6.3. This 
would explain the relatively high oxygen content of the products, since 
the most l ikely decomposition compounds are butanol and butanone. 
As the rate of evaporation of the metal compound is raised, the 
amount of aluminium in the f i l m increases. As this occurs there is also 
a rise in the ionic fluorine level in the product. The Cis region in the 
cases of high temperature deposition confirm that fluorine is not a 
major part of the organic matrix; there is little structure on the high 
binding energy side of the hydrocarbon peak. In the case of the 
copolymerisation of zinc acetylacetonate and perfluorohexane there 
was always a substantial proportion of covalent fluorine remaining in 
the f i l m . This suggests a reaction scheme whereby fluorine is actively 
removed f r o m fluorocarbon species in the plasma, or free fluorine is 
more eff ic ient ly scavenged by the metal ions. The formation of 
aluminium-fluorine bonds is thermodynamically favoured; the bond 
strengths^2 for diatomic molecules being Al-F 664 k j / m o l and C-F 536 
k j / m o l (c.f. Zn-F 368 kJ/mol). The rise in oxygen incorporation wi th 
increasing resevoir temperature is much less dramatic than when 
Al(OBut)3 is deposited in an oxygen plasma. Some oxygen remains 
associated w i t h the metal ions, although replacement of ligand 
moieties w i t h f luor ide ions severely reduces its presence in the 
product. 
Figure 6.11 demonstrates the change in f i l m composition wi th a 
constant resevoir temperature and an increasing perfluorohexane f low 
rate. The amount of fluorine found in the material collected actually 
decreases w i t h a rise in f l ow rate. This is probably due to less metal 
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depositing, and hence, fewer f luor ide ions. A t the highest f l o w 
investigated there is no detectable aluminium and all the fluorine 
present is covalently bonded to carbon. Aluminium fluoride formed at 
high perfluorohexane fluxes probably condenses rapidly f rom the gas 
phase before reaching the substrate. Oxygen (from the butoxide ligand) 
is visible at al l flow rates, showing a steady decline as the 
fluoropolymer character of the f i l m increases. 
6.5.2 Synopsis 
As w i t h zinc acetylacetonate, a copolymerisation reaction occurs 
between a luminium tri-sec -butoxide and perfluorohexane. The main 
product is an a luminium fluoride salt and an organic matrix. The 
metal still retains some oxide character, and a stoichiometry of roughly 
AIF2O0.5 can be found in f i lms w i t h a substantial metal content, 
regardless of reaction conditions. The main carbon peak in the Cis 
envelope in such products is at 285 eV which is typical of carbon not 
bound to an electronegative element. This means that either the 
perfluoro compound is not wel l expressed in these materials or that 
there is a loss of fluorine f rom it before or during deposition. 
6.6 Conclusion 
Copolymerisation of zinc acetylacetonate and aluminium tri-scc 
-butoxide i n an oxygen plasma results i n organic fi lms which may 
include one or both metal ions. The composition of the films is not 
vastly d i f fe rent f r o m the oxygen plasma deposits of the neat 
monomers. It appears that little interaction occurs between the metal 
parts i n the gas phase, and the reaction is likely to be a codeposition 
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rather than a copolymerisation. The stoichiometry of the carbonaceous 
component does suggest that some interaction between the two ligands 
occurs which means that the organic matrix is actually to some degree 
copolymerising. 
I n contrast, the reaction between the metal containing 
monomers and perfluorohexane is undeniably a copolymerisation 
reaction. The formation of fluorides f rom these reactions demonstrates 
interaction between the two monomers. The f i lms formed by 
copolymerisation of zinc acetylacetonate and perfluorohexane show 
that zinc species react w i t h f luoride ions dur ing deposition. The 
condensation of metal halide material is divorced f rom polymerisation 
of carbon containing species and appears to be mostly dependent on the 
evaporation rate of zinc acetylacetonate. 
A more severe interaction occurs during copolymerisation of 
a lumin ium tri-sec -butoxide and perfluorohexane, where i t appears 
that a luminium ions actively remove fluorine f rom the fluorinated 
monomer to produce the metal fluoride. A mixed aluminium oxide/ 
a lumin ium f luor ide compound is the main metallic product, the 
organic component consisting mostly of hydrocarbon material. 
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